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Abstract

Understanding the highly non-linear biomechanics of the complex structure of human skin
would not only provide valuable information for the development of biological comparable
products that could be used for the improvement, restoration or maintenance of the biolo-
gical tissue or replacement of the whole organ, but would also support the development of
an advanced computational model (e.g. finite element skin models) that do not differ (or do
not differ very much!) from experimental data. This could be very useful for surgical train-
ing, planning and navigation. In particular, the major goal of this thesis was the development
of robust and easy to use computational models of the cutting and tearing of soft materials,
including large deformations, and the development of repeatable, reproducible and reliable
physical skin models in comparison to in-ex vivo human skin samples. In combination with
advanced computational/mechanical methods, these could offer many possibilities, such as
optimised device design which would be used for effective and reproducible skin penetration
in the clinical setting and for in vivo measurements.

To be able to carry out experimental cutting tests, physical models of skin were manufac-
tured in the laboratory using silicone rubber. The mechanical properties of the physical models
were examined experimentally by applying tensile and indentation tests to the test models us-
ing the Zwick universal testing machine and the Digital Image Correlation (DIC) System. To
estimate the mechanical properties of the physical models and calculate the quantities, Pois-
son’s ratio, Young’s modulus and shear modulus -which were used later in computational
cutting models - and inverse analyses were performed for each example of manufactured sil-
icone rubber in the laboratory using the analytical study on indentation method, the curve
fitting technique and DIC measurements. Then, the results were compared to the mechanical
properties of human skin experimentally obtained in vivo/ ex vivo (from published studies).

A new large deformation cohesive zone formulation was implemented using contact mech-
anics, which allows easy definition of crack paths in conventional finite element models. This
was implemented in the widely used open source FE package FEBio through modification of
the classical contact model to provide a specific implementation of a mesh independent method
for straightforward controlling of (non-linear) fracture mechanical processes using the Mixed
Mode Cohesive-Zone method. Additionally, new models of friction and thermodynamically
coupled friction were developed and implemented.

The computational model for the simulation of the cutting process (the finite element (FE)
model of cutting) was reduced to the simplified model for the sharp interaction (triangular
prisms wedge cutting), where the Neo Hookean hyperelastic material model was chosen to
represent the skin layers for the FEM analysis.

Practical, analytical and experimental verification tests, alongside convergence analysis,
were performed. Comparison of the computational results with the analytical and experi-
mental results revealed that applying the modified contact algorithm to the fracture problem
was effective in predicting and simulating the cutting processes.
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Chapter 1
Introduction-literature review

The purpose of this study was to examine the mechanical characteristics of human skin with
the aim of creating a sufficiently accurate physical model, while developing a non-linear frac-
ture mechanics formulation applicable to the living tissues, with the purpose of building up a
constitutive relationship for large deformation finite element models that allowed the accur-
ate simulation of cutting and needle insertion into human skin by using common engineering
modelling techniques.

Several studies have already begun to deal with a wide range of additional developments
of various theoretical and numerical formulations of cutting and needle insertion by using (tra-
ditional) finite element methods [e.g. Azar and Hayward (2008), Groves (2008), Smolen and
Patriciu (2009), Mahvash (2010)]. However, without being affected by the complex mechan-
ical nature of soft solid penetration, it is worth saying that, unfortunately, the existing literature
provides little insight into the underlying mechanisms of the penetration and cutting process.
Generally, it indicates that deep penetration involves deformation and cracks, and in most
cases with simplification of the complex problems (e.g. considering skin layers as linear, iso-
tropic elastic materials) or without taking tissue deformation and friction into consideration,
especially failing to take into account relevant considerations, such as the contact mechanics
in the energy balance formulation Azar and Hayward (2008). Therefore, the aim, aside from
studying the mathematical and physical characteristics of the mechanisms of needle insertion
and cutting, and manufacturing a physical model of skin suitable for the cutting and needle
insertion tests, was to develop a computational cutting-model and validate it.

To accomplish the goals of the project by making use of computational and physical tech-
niques, such as image registration techniques-Digital Image Correlation (DIC) [which are
generally used for accurate 2D and 3D measurements of deformation, displacement, strain],
physical models of skin with the mechanical characteristics that could be the best fit with in

vivo or ex vivo experimental data of skin which could be used to process cutting and needle in-
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sertion into human skin, using silicone rubber in the laboratory, were generated and examined
using the Zwick universal testing machine by applying tensile and indentation tests to the test
models. To estimate the mechanical properties of the physical models and calculate the quant-
ities, Poisson’s ratio, Young’s modulus and shear modulus, and inverse problem theory and
methods were used.

The combined experimental and computational study and analysis of the cutting of a soft
solid by making use of a tool with a sharp prismatic straight cutting edge (cutting blade) was
proceeded by the development of a cohesive fracture model. This combined mathematical
concepts of fracture mechanics and contact mechanics, where the modification of the classical
contact to provide a specific implementation of a mesh independent method for straightfor-
ward modelling of a (non-linear) fracture mechanical process using a Mixed Mode Cohesive
law, alongside thermodynamically coupled friction, formulated in one contact structure, was
established. This was implemented using traditional finite element methods and the accuracy
of the results was practically, analytically and experimentally verified.

It was possible to develop an accurate computational model of soft solid cutting which
could open the possibility for the development of an advanced computational finite element
skin cutting-needle insertion model that does not differ (or does not differ too much!) from
experimental data which could provide information that could be very useful for surgical train-
ing, planning and navigation, and practical uses such as informing the development of optim-
ised devices which could be used for effective and reproducible skin penetration in the clinical
setting.

In the following sections, first, the relevant literature which has contributed to the aims
and objectives of the project - in other words, a summary of some methods employed within
biomechanical modelling of human skin, contact mechanics and cohesive zone models - will
be reviewed. Then, a short review on techniques used in Digital Image Correlation (DIC)
System, as a part of the specimen measurement devices, which was applied to the development
of a physical model of human skin, will be provided. In the final section of this chapter the

main aims and objectives of the research will be presented.

1.1 Biomechanical models of human skin

Fully understanding the known mechanical (biomechanical) properties of human skin can be
particularly useful in fields such as the development of physical and computational models of
skin [Nikooyanz and Zadpoor (2011), Thalmann et al. (2002), Adra et al. (2010)], or in gen-
eral, tissue engineering for medical purposes [e.g. artificial skin Shirado et al. (2007)] where

the development of products that can be used for improvement, restoration or maintenance of
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Method \ Shear\Young’s modu. \ Body region \ Reference
arm
| E =39.64—47.19(KPa) | | [ male thigh | Groves (2008) |
In- E =1.99.1073(MPa) male Bader and Bowker (1983)
denta- E =1.51.10"3(MPa) forearm Bader and Bowker (1983)
tion E =1.09.1073(MPa) female Bader and Bowker (1983)
forearm
Tensile E =4.6—-20(MPa) leg Manschot (1985)
| arm |
G=0.58(MPa) | thigh | Grebenyuk and Utenkin (1994) |
G =0.84(MPa) shin Grebenyuk and Utenkin (1994)
Torsion G = 1.33(MPa) forearm Grebenyuk and Utenkin (1994)
G = 0.98(MPa) dorsal Grebenyuk and Utenkin (1994)
E =0.42—-0.85(MPa) forearm Agache et al. (1980)
E =1.12(MPa) ventral Escoffier et al. (1986)
forearm
Suction| E =13—-26.10"2(MPa) | various regions Barel et al. (1995)

Table 1.1: A summary of the experimentally obtained mechanical properties of human skin in
vivo/ ex vivo

biological tissue functions or to replace the whole organ, can be improved by the employment
of fully understood biomechanical concepts.

In the past few decades, modelling skin biomechanics has been the subject of several re-
search studies [Lapeer et al. (2011), Bischoff er al. (2000), Retel et al. (2001)] where, due to
the various type of applications, a wide range of problem solving approaches, methods and
techniques have been developed Nunez (2014). An overview of existing techniques and recent
scientific procedures in soft tissue modelling [ Yidong and Dongmei (2015), Mendizabal et al.
(2015), Wang et al. (2015)] and a comparison of the methods developed by different research-
ers revealed that, due to the complexity of living organ bio-mechanics, and in most cases, the
simplified version of the complex problem and fragmented approaches to the real problems,
the existing modelling approaches are in fact incapable of covering the entire spectrum of the
complex biomechanical behaviour of soft tissue; in other words, there is no general modelling
technique which could be used in all the fields of mechanical and medical applications.

In many applications in research, such as material development and testing, due to the
repeatability and reproducibility of physical skin models in comparison to ex vivo human skin
samples, the use of physical models is preferred to using real human skin Van Gele et al.
(2011). Nevertheless, the accuracy of such physical skin models which can be used to replace

real human skin (and can represent truly the mechanical characteristic of human skin and
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deliver the same test results as the human skin in vivo), is an open question which can be
answered with systematic investigation of the mechanical response of the materials used and
exploration of the mechanical properties of the physical skin models and real human skin and
finding their differences.

An overview of existing materials used for physical skin models, which are used to develop
realistic models and to simulate the mechanical properties of human skin, revealed that the
most commonly used materials are liquid, gelatinous substances, micro fillers, etc. which are
described below according to Dabrowska et al. (2016) :

It was found that the most common materials used to simulate skin are liquid

suspensions, gelatinous substances, elastomers, epoxy resins, metals and tex-

tiles. Nano- and micro-fillers can be incorporated in the skin models to tune
their physical properties.

Generally, studies have investigated two main aspects: the skin structure and the mech-
anical behaviour of skin [Silver et al. (2001), Annaidh et al. (2012), Holzapfel (2000a)]. As
the starting point for the analysis, techniques such as ultrasound imaging Luo et al. (2015),
MRI scans Sengeh et al. (2016) and digital image correlation Maiti et al. (2016) are used for
the identification and measurement of the mechanical properties of skin structures. Then the
collected data are used as the starting point for the numerical assumptions (the geometry and
the boundary conditions). And finally, by applying an inverse finite element method Labanda
et al. (2015), Groves (2008) [the determination of unknown by using known results (e.g. a
load-displacement curve obtained through experimental test)] and using inverse problem the-
ory and methods, the unknown material parameters (e.g. such as Young’s moduli) are determ-
ined. Table 1.1 shows a summary of the experimentally obtained mechanical properties of
human skin in vivo/ ex vivo (from literature)[ Groves (2008), Bader and Bowker (1983), Mans-
chot (1985), Grebenyuk and Utenkin (1994), Agache et al. (1980), Escoffier et al. (1986) and
Barel et al. (1995)].

1.2 Contact mechanics

From a mechanical perspective, contact mechanics is the study of the interaction between
bodies coming in touch with each other where - in the contact area between them - load,
energy, heat flux or thermal flux, etc. are exchanged.

Contact mechanics is defined generally in the fields of theoretical solid mechanics, nu-
merical mathematics and continuum mechanics, where the numerical treatment of contact
problems, in most cases by using the finite element method (FEM), is established. It is worth

adding that the study of the physics of contact, experimentally and computationally, where a



1.2 Contact mechanics 5

combination of solid mechanics and fluid mechanics are involved, can experience real diffi-
culties in attempting to provide a consistent basis for the treatment of the contact problem.

The mechanics of contact involves geometrical discontinuity; this means that the contact
is defined at the interface between two separated continuum bodies where the contact interface
itself is supposed to have zero thickness. Also at the contact interface, contact constraints such
as impenetrability or complementarity conditions cannot be formulated as ordinary boundary
conditions defined on the contacting surfaces.

In this chapter, the initial focus is only on the existing literature that introduced established
methods and solution techniques for the variational problem in large deformation contact the-
ory, while in Chapter 4 an especially detailed method describing the physical ideas and the
mathematical structure of large deformation kinematics (involving contact, friction and ther-
modynamically coupled friction) will be introduced.

The formulation and analysis of computational contact mechanics problems and exten-
sion of the special methods [e.g. the augmented Lagrangian method Serpa (2000), Auricchio
(1996)] that are used to large sliding and large deformation by considering non linear ma-
terials where no limits are set to the amount of deformation, are introduced in some studies.
For example, a three-dimensional solution of large deformation contact problems using the
definition of the van der Waals interaction for both quasi-static and dynamic simulations is in-
troduced by Fan and Li (2016) in a research paper where, to calculate the contact force, the so
called double-layer surface integral, instead of traditional double volume integration method,
has been applied to the problem. In another study a new computational contact formulation for
large deformation frictional contact is presented in a paper by Sauer and DeLorenzis (2015),
where a two-half-pass contact algorithm is used to formulate the two neighbouring contact
surfaces. Furthermore, a three-dimensional FE contact model to the frictional heating prob-
lems is introduced in a study by Yevtushenko and Grzes (2016), where the effect of the sliding
velocity, time-dependent contact pressure and temperature in the frictional-contact problem of
a disc brake are investigated, which proposed methods and results generally could be useful
for the analysis of frictional couple problems defined on contact surfaces with cohesive force.
In the study of “A new computational approach to contact mechanics using variable-node fi-
nite elements” Kim et al. (2008) which was conducted in the area of contact mechanics, it has
been shown that the employment of node-to-node contact formulation based on the closest
point projection could provide accurate results even under non-conformable mesh. This is
strongly considered in this study as a powerful choice for the Contact-Cohesive approach
where in three-dimensional contact mechanics non-matching mesh elements could sometimes
deliver undesirable results.

A review of the recent literature reveals that many mathematical/numerical difficulties
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in contact mechanics are mostly due to the configuration of continuous interacting surfaces
where the bodies which are in contact may penetrate each other or separate. On the one hand,
this will result in difficulty finding corresponding contact points on the contact surfaces. On
the other hand, difficulty with mesh distortion in large deformation problems such that a con-
vergent solution cannot be succeeded at all successful, which are an active area of current
research. There are also other mathematical difficulties such as complex variational inequalit-
ies (especially when involving friction) which arise in the study of contact problems. Like any
other branch of continuum mechanics, the numerical-mathematical treatment of the problem
is sometimes limited by the development of a completely linear boundary value problem or
requires in most cases new solution approaches, more specifically, when studying the exist-
ence and uniqueness of solutions for frictional-contact problems, methods such as variational-
hemivariational inequalities (more detail Chapter 4) [Kravchuk and Neittaanmiki (2007), Han
et al. (2014)] need to be considered. In particular, the commonly used treatments (constitutive
laws) are linear elasticity Villaggio (1980) and rate dependent plasticity Laursen (2003).

The treatment of the classical contact problem, frictional and thermodynamically coupled
frictional contact problems for large deformation, in the framework of the FEM in this study,
are mostly based on Laursen (2003), where the introduced frameworks for the development of
numerical methods deal with all necessary aspects of numerical methods for contact mechan-
ics and frictional contact mechanics for a wide range of application possibilities with support-

ing real complex problems involving dynamic large deformation.

1.3 Cohesive zone models

In connection with the numerical analysis of fracture mechanics processes and to approximate
non-linear fracture behaviour, cohesive zone models have been introduced and widely studied
over a period of years Hillerborg et al. (1976), Xu and Needleman (1993), Conroy et al.
(2015), Xiao et al. (2016) etc.

The cohesive zone formulation, generally speaking, is the modelling of an interface by
the placement of discrete elements (cohesive elements) between the two surfaces which are
supposed to have zero separation in the initial condition. The constitutive formulation of the
cohesive model inherits its definition from two different classes, namely potential based (the
definition of the cohesive zone law is based on the definition of an interface potential IT which
represents the work done to separate two opposing surfaces having contact at an interface Xu
and Needleman (1993)) and non-potential based. While to get the traction—separation rela-
tionships, the first derivatives of an interface potential function need to be computed, in non-

potential based, the traction—separation relationships are not derived from a potential function.
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Therefore, the work done for mixed-mode separation is path-dependent [Parry et al. (2014)]
cohesive models. Due to some limitations of the non-potential based cohesive interaction (e.g.
all possible separation paths have not been considered under mixed mode conditions), and
because potential- based cohesive formulation offers an effective and efficient mathematical
and computational framework for handling fracture mechanics and to simulate any physical
phenomenon associated with it, in this project, potential-based cohesive interaction has been
chosen and studied. The different formulations of cohesive zones follow different laws which
are commonly indicated as exponential Liu and Islam (2013), polynomial Yao et al. (2016),
piece-wise linear Alfano et al. (2007) or rigid-linear Zhou et al. (2005) cohesive laws, where
the parameters in the cohesive model are obtained by fitting the available experimental data
Xu et al. (2016).

Finite element analysis of fracture processes in different materials using cohesive zone
models is widely used and applied to the different classes of problems. However, FEM-
cohesive zone formulations for large deformations and non-linear materials are the most in-
teresting formulations in the study of the penetration problem (one of the primary methods of
dealing with the cutting and needle insertion problem that was used in the present study).

One such formulation, using cohesive zone formulation, was presented by Fakhouri et al.
(2015), where the puncture of soft materials was modelled; in particular, large-strain beha-
viour during deep indentation was analysed. Another interesting study that deals with rate-
dependent visco-elastic properties, rate-independent behaviour as well as thermal features by
large scale simulations, was presented by Kaliske er al. (2015). The use of cohesive ele-
ments for simulation of needle insertion was reported by Oldfield ef al. (2013). Here the work
presents a significant difference between the experimental and simulated force—displacements
for complete penetration of a gelatine block where, in the generic energy balance formulation
for the linear elastic model, using contact mechanics in the formulation has not been taken into
consideration. Also the application of cohesive zone formulation to the needle insertion prob-
lem, by taking the needle tip geometric parameters into account, can be found in a study by
Misra et al. (2008) where the cohesive zone model used to simulate the tissue cleavage process
was based on linear traction-separation laws. However, the validation of such FE simulation
models has not been demonstrated. A cohesive zone model (CZM) is treated in a particular
way in the study of ““ Relating Cohesive Zone Models to Linear Elastic Fracture Mechanics”
Wang (2010) where the researcher paid extra attention to the similarity of the result of the
cohesive modelling to different cohesive laws (the accurate selection of the maximum traction
of a CZM was examined). These results also show that, under certain circumstances, CZM
analysis can be accepted as equivalent to LEFM analysis (e.g. the ratio of the cohesive zone

length to crack length must be close to zero).
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The advantages and disadvantages of cohesive models and a variety of issues related to the
modelling are addressed by Needleman (2014). A summary of the addressed issues which are
also the subjects of recent research studies can be formulated as:

-Determination of the cohesive parameter values to obtain a predictive theory (either using
cohesive parameters to fit the experiments or deriving a cohesive constitutive relation from a
physical model of the de-cohesion process).

-Cohesive surface location and orientation.

-Application of a cohesive formulation to ductile damage [cohesive model constitutive
relation (tractions and displacements relation) cannot be used directly for the strong stress
triaxiality dependence of ductile rupture],

where the advantages of applying such modelling techniques are:

- Computational efficiency.

-Applicability for a wide range of problems.

In the current study, the classification and treatment of fracture mechanics processes, based
on the mixed mode cohesive zone model, corresponding to the cutting and needle insertion
into human skin, are largely based on the particular ideas and the implementation method of
a cohesive zone model to a non-linear finite element algorithm introduced by the following
studies: De Morais (2014) [introducing methods which were used to develop piecewise lin-
ear mixed-mode I-II cohesive zone double cantilever beam models using separation-energy
controlled damage formulation], Meo and Thieulot (2005) [presenting modelling techniques
(CZM, tie-break contact and non-linear springs) which were used to develop the delamination
failure mode in composite structures, where a comparison of the methods revealed that the
tie-break contact was not able to achieve efficiently like other introduced methods for pre-
dicting the delamination growth], Harper and Hallett (2008) [demonstrating critical analysis
of cohesive zone modelling technique by paying extra attention to the limitations of existing
methods regarding the quality and quantity of interface elements within the cohesive zone],
and Hillerborg et al. (1976) [introducing one of the types of finite element analysis of frac-
ture mechanics developed in the last few where the relation between fracture energy per unit
area (critical strain energy release rate), cohesive zone length, characteristic cohesive length,
Young’s modulus and interfacial strength were presented in a specific way].

To this end, it is worth mentioning that there are not many developed methods or general
frameworks for large deformation and large sliding that are able to deal with contact and cohes-
ive forces at the same time [e.g. Labanda et al. (2015), Yang et al. (2001)]. One such research
study, which dealt with contact combined with cohesive forces, can be found in the research
paper Doyen et al. (2010), where under consideration of also non-conformable mesh, suitable

external load and boundary conditions, a simple form of the unilateral contact-cohesive for-
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Figure 1.1: Digital Image Correlation (DIC) System

mulation with the nodal basis functions combined with two-three field augmented Lagrangian
methods has been considered as minimisation of a non-convex functional which results show
the dependency of cohesive law choice. In particular, to the author’s knowledge there is no
published papers which present the development of a cohesive fracture model through contact
mechanics (formulated in one structure) which could deal with large deformation and large

sliding, as this was performed by sophisticated algorithms in the present study.

1.4 Digital Image Correlation (DIC)

The DIC system traditionally uses two cameras and is a 3D, full field optical technique which
can be used to measure deformation, vibration, strain, etc. (especially applicable to biological
material) and is useful for a wide range of static and/or dynamic tests including compression,
tensile, bending and such like.

The basic principle of the method is the tracking of the position of the same points in
the image of the undeformed and deformed configurations of the object of interest. To make
it possible, after the generation of a random intensity distribution, covering the object with
painted speckles (a speckled pattern), the DIC system correlation algorithms are processed
based on the identified square subset of the pixel around the point of interest on the image of
the covered object of the undeformed and deformed configurations.

The algorithm makes it possible, by using the undeformed and deformed images, for the
average grayscale over the identified subset to be calculated and compared. The measurement
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principles of (DIC) can be described mathematically as follows according to the ISTRA 4D
software from Dantec Dynamic (as a part of DIC-Equipment which was used to develop the
tests in this study)[For more details see Appendix C part(3)]:

The correlation algorithm is based on the tracking of the grey value pattern
G(x,y) in small local neighbourhood facets. Due to a loading of the object
this pattern is transformed into

G (x1,yr) = go +81G(xz,y1)

and

X1 = ag+apx—+axy—+asxy

Y1 = a4 +asx+agy + axy

Within the correlation algorithm the difference
(G (xe, 1) — G(x,3)]?

of these patterns is minimized.

By varying the illumination parameters

(g0,81)

and the parameters of the affine transformation

(ao, ...a7)

a matching accuracy of better than 0.01 pixel can be achieved.

It is worth mentioning that the calibration of the DIC system plays a big role in the accuracy
of the measured results. For instance, it helps the position and orientation of the cameras to be
determined with respect to a word reference system and supports the transformation (rotation,
translation) between the geometric and the image coordinate systems.

1.5 Aims and objectives

The aims of the study:

1. Development and testing of experimental models of human skin (Physical Skin Model-

ling) that can be suitable for the experimental cutting and needle insertion tests.

2. Estimation of the various mechanical properties of the manufactured physical models
and comparison between the mechanical properties of the models and real human skin
(ex vivo or in vivo) to find out whether or not the physical models can serve as an

appropriate model for cutting and needle insertion tests.
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3. Modification and implementation of large deformation contact mechanics using a mixed
mode cohesive zone model (development of a cohesive fracture model through contact

mechanics).

4. Incorporation of friction and frictional heat generation in the contact model (considera-

tion of interfacial representations of total energy balance and entropy production).
To accomplish the goals of the project the following objectives were targeted:

1. Experimental examination of the mechanical properties of the physical models:
Tensile and indentation tests were carried out on the manufactured physical models

using Digital Image Correlation (DIC) to measure the deformation of the material.

2. Inverse problems and inverse analyses, which deal with estimation of the mechan-
ical properties of the physical models: The calculation of the mechanical properties,
Poisson’s ratio, Young’s modulus and shear modulus were performed for each manufac-
tured silicone material in the laboratory using analytical study on indentation method,
curve fitting technique and DIC measurements. Then, the results were compared to
the experimentally obtained mechanical properties of human skin in vivo/ ex vivo from

published studies.

3. Implementation of the Modified Contact Mechanics using a traditional finite ele-
ment method (FEM): A modification of the classical contact to provide a specific im-
plementation of a mesh-independent treatment for straightforward modelling of (non-
linear) fracture mechanical processes using a mixed mode cohesive zone method, was
obtained by determining the constitutive relationship within this framework, which con-
sisted of a combination of both contact mechanics formulations and the Cohesive Law,
together with friction and thermodynamically coupled friction, formulated in one con-
tact structure. This was followed by implementation in the FEBio package, computa-

tional models, tests and practical, analytical and experimental verification.

4. Development of a constitutive model for the penetration of a soft solid, specific-
ally, needle insertion into human skin and cutting: Under consideration of Griffith’s
theory, the internal and external mechanical and thermal energies (the work done by ex-
ternal and internal forces) and the cohesive fracture formulation through contact mech-
anics, the mathematical clarification of the mechanisms of cutting and needle insertion
were performed and formulated as a general framework for the energy consistent treat-
ment of the total system (the total energy balance of a globally conserved system). It
was followed by the related algorithms, mathematical analysis and computational im-
plementation of the theory.



Chapter 2

Human Skin: Layers, Structure and

Function

2.1 Introduction

In order to understand the behaviour of the skin we need first to consider its anatomy. The
skin has a complicated structure and microstructure which result in unusual behaviour and
mechanical properties. In the following sections, firstly an overall view of the functionality of
human skin will be provided, followed by a description of the skin layers in terms of the func-
tions of the three primary layers of skin, namely the epidermis, the dermis and the hypodermis.
Then, a detailed summary of the most recently employed methods for experimental and com-
putational modelling of skin (the computational models of skin that have been clinically and

experimentally validated) will be presented.

2.2 Skin Structure and Function

Human skin is a multi-layered thin membrane, with highly complex biological networks,
which supports a variety of functions, such as protecting the body from a number of different
kinds of damage and loss of water (acting as a resistant barrier to fluid loss), excreting waste,
heat regulation, communication, storage, transport, etc. It is the largest organ in the human
body.

The skin covers the surface of the human body. The area of skin of an average adult
human is between 1.5-2.0 square metres, with the thickness of 2-3 mm. The average square
centimetre (6.5 cm2) of skin also holds 650 sweat glands, 20 blood vessels, 60,000 melanocytes
and more than 1,000 nerve endings [Bennett, Howard (2014-05-25)].
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Figure 2.1: Human skin layers (source: https://en.wikipedia.org/wiki/Human_skin)

Important factors that affect skin thickness, structure and properties include age, the loca-
tion on the body, medication, the environment etc., which can also affect skin colour.
As shown in Figure (2.1), the structure of skin is divided into three main layers and addi-

tionally into sub-layers as follows:

Stratum corneum
Stratum lucidum
Epidermis § Stratum granulosum

Stratum spinosum

| Stratum germinativum

| Papillary region
Dermis
Reticular region
| Hypodermis,

which will be discussed in terms of their functionality in detail in the following section.
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2.3 Skin Layers

2.3.1 Epidermis

With 0.1mm thickness (in humans), the epidermal layer, the outermost layer of the skin, is

made of several particular layers which are:

1. Stratum corneum: containing a network of keratin and acting as a barrier to infection

and preventing fluid loss.

2. Stratum lucidum: containing several flattened and dead layers of keratinocytes and re-

sponsible for stretching and degeneration of skin cells.

3. Stratum granulosum: containing keratohyalin granules and acting as the waterproofing
layer of the skin.

4. Stratum spinosum: containing polyhedral keratinocytes and helping to increase the flex-
ibility of the skin.

5. Stratum germinativum: containing basal keratinocyte stem cells and helping the process
of cell division (mitosis).

Generally speaking, the main duties and responsibilities of the epidermis layer (the keratinised
layer of skin) are infection prevention, protection and the prevention of water loss from the
body.

2.3.2 Dermis

Unlike the epidermis, which contains no blood vessels, the dermis contains blood vessels
and it also contains the lymphatic vessels, sweat glands, hair follicles, sebaceous glands and
apocrine glands.

The dermis layers, with a total thickness of approximately 1mm (in human), are:

1. Papillary region: containing loose connective tissue fibres (vertically arranged colla-
genous fibres, elastic fibres, reticular fibres) and connecting the reticular region to the

epidermis.

2. Reticular region: containing a plane oriented irregular concentration of collagenous,
elastic, and reticular fibres (a fibre matrix the direction of which is partly related to
the orientation at which the skin is less flexible), allowing and providing elasticity and

strength to the dermis.
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The high flexibility (stretch and reorientation) of the dermis fibres allows this layer to undergo
high levels of deformation with the aim of allowing freedom of movement while resisting
perforation.

2.3.3 Hypodermis

Holding 50% of body fat, the hypodermis layer, the layer of skin beneath the dermis, contains
areolar connective tissue (consists of elastin and collagen fibres and blood vessels, providing
flexibility, cushioning, and serving as a store of water and salts and binding different tissue
types together) and adipose tissue (stores nutrients and fats and plays a big role by serving as
a reservoir of fats as potential energy reserves).

With approximately 8 to 20kg-15 to 30% of body weight, the thickness of the hypodermis
is totally dependent on the location of the body (for example, it is thick on the buttocks and
thin on the forehead).

The main purpose of the hypodermis layer, besides supplementing the skin with blood

vessels and nerves, is to store nutrients and fat and to provide cushioning and protection.

2.4 Physics-Based Modeling, Analysis of Human Skin

Physics-based modelling of soft tissue has a long history. To be able to develop a biomech-
anical model of human skin based on the biological structure of skin we need to have an
extensive knowledge in different scientific fields related to the modelling, namely numerical
mathematical analysis, biology and biomechanics (the anatomy, physiology and mechanical
properties of human skin) and mechanics (constitutive models of skin based on continuum
mechanics).

In a common manner, the development of the modelling of deformable objects can be

divided into two categories of modelling strategies, namely:

1. Physics-based Modelling: The modelling technique based on the analysis of the mech-
anical behaviour of materials under the effects of associated constraints by solving a
continuum mechanics formulation applied to the problem [computationally a very ex-

pensive method, but mechanically and physically realistic].

2. Non Physics-based Modelling: The modelling technique based on a simplified version
of the original physical principles or employment of a practical geometric method [the
method attempts to achieve realistic effects of physical phenomena (e.g. body deform-
ation) and it is computationally more efficient in comparison to the physical method].
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Due to the popularity of the non physical modelling techniques (computationally low-cost
methods), the past decade has seen increasing interest in the investigation of this modelling
technique by a wide range of studies.

The techniques, such as spline technique [using Computer Aided Geometric Design tech-
nique (CAGD) for preparation and modification of complex geometries where, for example,
methods like B-spline, Bezier curves, etc. can be used to modify the objects] or free-form
deformation (FFD) technique [widely used in animation and geometric design where the de-
formation of the shape of the objects is based on the deformation of the space in which the
objects are embedded by using, for example, the surface normal vector and transformation
matrix] are examples of this modelling technique.

A brief overview of the methods used to develop non-physical models of human skin,
mostly based on the theoretical human skin reflection model, by applying the standard phys-
ical or geometrical optics modelling technology to improved reflection models, revealed that
although it has been claimed by the researchers that both qualitative and quantitative methods
of their research provide a good approximation of experimental data, unfortunately, in most
cases, important aspects of experimental verification have been ignored. One such model was
presented by Li and Carmen (2009) where a multi-layer skin reflection model, based on op-
tical principles and the bidirectional reflectance distribution function (BRDF), by using the
Monte Carlo methods, has been developed by the researchers.

Unlike non-physical modelling techniques, the physical modelling technique provides
realistic and accurate simulation of the deformation of the objects that is also visually real-
istic. In other words, to achieve accuracy (physical accuracy) in modelling and the simulation
of complex systems, the physical modelling technique is the best choice.

There are a lot of issues related to the physical modelling technique, such as the speed
and reliability of the algorithm that is used to solve the partial differential equations (describ-
ing the underlying process) or the complexity of the observed physical phenomena involving
complicated dynamics.

In summary, and speaking generally, as the starting point for the analysis, techniques such
as ultrasound imaging, MRI scans and digital image correlation are used to measure the mech-
anical behaviour of the skin, then the collected data are used as the starting point for the nu-
merical assumptions (the geometry and the boundary conditions) and, finally, by applying an
inverse finite element method or other techniques [the determination of unknown by using
known results (e.g. load-displacement curve obtained through experimental test)] and using
for example a stochastic optimisation process, the unknown parameters in the constitutive

model are determined.
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Figure 2.2: Stress-strain curve for skin [from Holzapfel (2000a)]

2.4.1 Anatomy, physiology and the mechanical properties of human skin

From the previous sections, we know that the human skin is a complex multilayer [as shown
in Figure (2.1)] and multi-function organ, where each layer has nonlinear, inhomogeneous,
viscoelastic Silver et al. (2001) [viscoelastic: showing both viscous and elastic behaviour by
deformation] and anisotropic Annaidh et al. (2012) [anisotropic: change of the magnitude
with respect to change of the direction of measurement], properties.

The elastic nature of skin makes the skin able to support body motion, while its flexibility
and ability to return to its original shape (when an applied load is removed) help to support
physically large deformations in order to fulfil the functional role of the body.

Due to the viscelastic nature of skin, human skin demonstrates the following behaviours,
where the generation of the internal forces, due to deformation, aside from dependence on the
amount of the deformation, are dependent on the deformation rate and/or duration:

* Creep - Increasing strain with time under a constant load.

* Hysteresis - The loading and unloading process produce different stress-strain curves.

* Preconditioning - Different deformation results caused by repeatedly applied loads (same
loads).

* Stress relaxation - Reduction over time in stress under a constant strain.

It is also a fact that increasing or decreasing temperature can change the viscoelastic prop-
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erties and consequently can affect the mechanical response of the skin. In addition to the
temperature other environmental changes - such as chemical treatment, hydration etc. - can
also influence the mechanical response of skin. For example, in a study by Jemec et al. (1990),
the influence of superficial hydration on the mechanical response, “after applying tap water
to the ventral aspect of the forearms of 18 healthy volunteers for 10 or 20 minutes and then
measuring distensibility, elastic retraction, and hysteresis”, significant increases in distensib-
ility, resilient distensibility and hysteresis were reported.

The data and test results from many different research studies which tried to find out the
mechanical properties of skin reveal that the constitutive equation of the skin, the stress-strain
relationship, is nonlinear. The nonlinear stress-strain curve, as shown in Figure (2.2), based on
the mechanical response of skin under tensile load, is divided generally into three main phases
where the stress-strain relation is (approximately) linear (Phase I), increasing skin stiffness
due to the straightening of collagen fibres (Phase II) and the linear response again at high
strains (Phase III).

As was observed by Holzapfel (2000a) and other researchers:

Phase 1. In the absence of load the collagen fibres, which are woven into rhombic-shaped
patterns, are in a relaxed conditions and appear wavy and crimped. Unstretched skin behaves
approximately isotropically. Initially, low stress is required to achieve large deformations of
the individual collagen fibres without requiring stretch of the fibres. In phase I the tissue
behaves like a very soft (isotropic) rubber sheet, and the elastin fibres (which keep the skin
smooth) are mainly responsible for the stretching mechanism. The stress-strain relation is
approximately linear, the elastic modulus of skin in phase I is low (0.1-2 MPa).

Phase II. In phase II, as the load is increased, the collagen fibres tend to line up with the load
direction and bear loads. The crimped collagen fibres gradually elongate and they interact with
the hydrated matrix. With deformation, the crimp angle in collagen fibrils leads to a sequential
uncrimping of fibrils. Note, that the skin is normally under tension in vivo.

Phase III. In phase III, at high tensile stresses, the crimp patterns disappear and the collagen
fibres become straighter. They are primarily aligned with one another in the direction in which
the load is applied. The straightened collagen fibres resist the load strongly and the tissue
becomes stiff at higher stresses. The stress-strain relation becomes linear again. Beyond the

third phase the ultimate tensile strength is reached and fibres begin to break.

It is worth mentioning that the results can be affected by different Factors, such as age, and
can differ from person to person.

Aside from testing the mechanical properties of skin in vivo [Agache et al. (1980), Liang
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Figure 2.3: The results obtained on the examination of human skin in some studies : a) and b)
ultimate stress and elastic modulus versus treatment duration Terzini et al. (2016)

and Boppart (2010), Evans and Holt (2009), Hendriks (2005) etc.], there are also several
ex vivo approaches. There are many reasons for conducting an analysis of the mechanical
behaviour of ex vivo human skin. In other words, due to the fact that the ex vivo model implies
a wide range of possible analysis methods for exploring the mechanical characteristics of skin
in comparison to in vivo, and sometimes for reasons of convenience, the ex vivo model is
mostly preferred. The most common reason for ex vivo test is, for example, destructive tensile
and failure tests (Destructive Physical Analysis) on the removed tissue samples of the animal
or human skins.

Experiments applying ex vivo methods are reported in a number of different research stud-
ies. In a study by Terzini et al. (2016) several tensile tests, on decellularised and native tis-
sues, were performed. They found hints that the decellularisation treatment results in getting
a lower value for the ultimate stress and the elastic modulus and the duration of the treatment
can be critical to preserve the mechanical properties of the tissue [see Figure (2.3)]. Using
statistical methods, multi-scale mechanical measurements on ex vivo murine skin are reported
by Bancelin et al. (2015), where the relationship between the microstructure of two differ-
ent samples of skin - namely, normal and diseased skins - and their macroscopic mechanical
properties were investigated [see Figure (2.4)- This shows: toe region with no significant
force, increasing stiffness, linear behaviour with constant stiffness and skin breaking]. Based
on ex vivo methods, and considering the rate dependency and anisotropic nature of skin, char-
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Figure 2.4: Nominal stress and orientation index variations as a function of the global stretch
applied to the skin sample Bancelin et al. (2015)

acterisation techniques have been used to determine the failure mechanisms of human skin by
Annaidh er al. (2012). Using ex vivo method, the non-linear, inhomogeneous, viscoelastic and
anisotropic properties of skin have been also shown in many other studies. For example, in
the determination of the subcutaneous fat layer viscous properties (the stress relaxation and
the frequency dependent behaviour at constant temperature) was taken into account in a study
by Geerligs et al. (2008).

2.4.2 Constitutive model of skin based on continuum mechanics

Finding appropriate constitutive laws which can describe the complex mechanical behaviour
of skin is a very challenging process, but the outcomes of such a process, the mathematical
formulation of the skin’s mechanical characteristics, could be extremely useful.

There are several nonlinear models which are capable of describing the nonlinear mech-
anical properties of skin. The most popular models are the hyperelastic material models, in
which it is assumed that the stress is independent of time or previous loading history. The
stress and stiffness are defined by a strain energy function which is a function only of deform-
ation and is independent of time. The stress and stiffness are found by differentiating the strain
energy function with respect to the strain.

The constitutive hyperelastic models which are widely used to develop the modelling non-
linear mechanical behaviour of skin are listed as follows, but before describing the models,
the following definitions need to be made [recall the definitions from Laursen (2003) and
Holzapfel (2000b):
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Displacement Gradient Tensor:
u®V, notated asVu, (2.1)
is a tensor with component %
J
Deformation gradient :
oler(X) =]
Fi=——""——=Vu+I 2.2
X u+l, 2.2)
is a quantity frequently used to measure the quantity of strain in a large deformation.
Deformation tensors :
C=F'F, b=FFT, (2.3)
are the right and left Cauchy-Green tensors.
Jacobian determinant:
J =detF, dxidxydxs = JdX1dX>d X3, (2.4)
is the determinant of the transformation between reference and current coordinates.
Green-lagrange strain tensor:
1 1,
EZE(C_I):E(F F—1I), (2.5)

is a strain tensor for large deformations which is used to measure the difference between

Cauchy-Green tensor C and identity tensor / (is used to quantify the changes in length of a

material fibre in a deformable body).
Stretch: A is a measure of how much a unit vector n = ﬁ has stretched.

Principal stretches:

2'131’27)'3

are the eigenvalues of right or left Cauchy-Green tensors or deformation gradient F [det (F —

Ad) = 0],

2.4.2.1 The constitutive hyperelastic models:

-Neo-Hookean: The model is used to describe the non-linear mechanical behaviour of the

compressible and the incompressible materials, and is an extended form of Hooke’s law for

large deformation. The strain energy density function for the compressible and the incom-
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pressible neo-Hookean models are given by:

c AFHAZ+23
PN
Y= 3 I, =3 | —p(J—1) [Incompressible] (2.6)
(l] .),2.13)2616[(}7)
A~
Y= g (I —3)—Gln J +g (InJ)? [Compressible], (2.7)

where G, K, (A1,42,43),1,p,J are the shear modulus, the bulk modulus, the principal
stretches, the first invariant of the right Cauchy-Green deformation tensor, pressure and the
determinant of the deformation gradient F.

[Dijk (2007), Su et al. (2009)]

-Ogden: The model is used to describe the non-linear, isotropic mechanical response

of rubber like materials, where the principal stretches are used to describe the strain energy

density as:
I ep(I—1)?
_ Hi o m; m; m; RN .
W (A1, A, A3) = Z — (A" 4+ A+ A" =3 —milnJ)+ U (J) [OgdenUnconstrained),
m;

=1

~

(2.8)
where 41,42, A3 are the principal stretches of the left-Cauchy-Green tensor and ;,m;,c),
are the material parameters and the term U (J) corresponds to the volumetric component.
[Mahmud et al. (2013)]
-Mooney-Rivlin: The model is used to describe the non-linear, isotropic and incompress-
ible (Nearly-Incompressible) mechanical response of rubber like material defined by the fol-

lowing strain energy function

1
Y=c (In-=3)+c2(I1,-3)+ E[((ln])2 [NearlylncompressibleMooneyRivlin|,  (2.9)

where ¢ and ¢, are the Mooney-Rivlin material coefficients, I/ and I/, are the invariants
of the deviatoric part of the right Cauchy-Green deformation tensor (C = FTF, where F =
[det(F )]_TIF, and F is the deformation gradient), and K is a material constant.

[Lopes et al. (2006)]

-Yeoh model: The model is used to describe the non-linear, isotropic and incompressible

mechanical response of rubber like material which uses the following strain energy function
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(a reduced polynomial model)

N AFHATHAS
=
Y. ¢ L 3| —pU-1), (2.10)

where the shear modulus in relation to C is given by C; = %

[Tenga et al. (2015)]

-Arruda-Boyce model: The model is used to describe the non-linear and incompressible
mechanical response of rubber like material. It is formulated as an eight polymer chain of
macromolecular network and is based on the statistical mechanics which uses the inverse

Langevin function to formulate the following strain energy function

1 ] 11
W= =l —3)+—(P—9)+ ——
1[2(1 Hzozv(1 )+1050N2

19
7000N3

519

s +———~"
( )+ 673750N4

(I —243)],
2.11)

where C1,N,I; = 3A? are the material constant, the measure of the limiting network stretch

(I —27)+

and the first strain invariant. [Arruda and Boyce (1993)]

To add the viscoelastic and anisotropic mechanical properties of skin to the constitutive
models, material models that represent a single fibre direction or a or family of fibre directions,
the constitutive models such as Transversely Isotropic Hyperelastic (represents single pre-
ferred fibre direction), Elliptical Fibre Distribution (represents ellipsoidal fibre distribution),
Fibre with Exponential Power Law (represents family of fibre based on exponential power law
strain energy function), Fung Orthotropic (represents orthotropic constitutive model - a sub-
set of anisotropic materials that greatly in their three mutually-orthogonal axes of rotational
symmetry) and Viscoelasticity (represents viscoelastic material), can be applied to the model
Gasser et al. (2005), Annaidh et al. (2014).

2.4.3 Numerical mathematical analysis methods

In general (and practically), the common numerical methods, based on the physical modelling
technique, can be divided into four categories of numerical modelling strategy, namely the
Spring-Mass-Damper system (SMD), the Boundary Element Method (BEM), the Finite Dif-
ference Method (FDM) and the Finite Element Method (FEM). Of these, the SMD and FEM
approaches are most commonly used for soft tissue modelling.
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2.4.3.1 The Spring Mass Damper System (SMD):

The physical object is modelled by using a set of connected mass points (connected by springs)
where, due to tension-compression load, the forces created [(linear-Hookean) spring force
F = —ku where u is displacement and k is spring constant] by the presence of a mass displace-
ment and consequently applied to the neighbouring points, a combination of mathematics and
physical laws [ i.e. the equation M % —|—D‘Zl—’t‘ + Ku = F,,; where M is mass, K is stiffness
matrix, D is damping and Fe,; is external force (the Newton equation of motion defined for the
system of n mass points)] that approximate the deformation of the physical body can be used
for soft-tissue modelling.

In the paper by Nikooyanz and Zadpoor (2011), several mass-spring—damper models, clas-
sified as active or passive methods, to study the human body’s behaviour (in the case of col-
lision with the ground during running, trotting and hopping), are proposed. In another study
Zhang et al. (2009), based on the Mass-Spring system, a deformable model for soft tissue
simulation in real-time is developed. It has been argued that the accuracy of simulation can be
influenced by the density of springs.

2.4.3.2 The Boundary Element Method (BEM):

The general idea of this method is formulation of the given partial differential equations PDE
(for solving boundary value problems) as integral equations over the whole domain of interest
Q' where the so formulated integral equations, under certain conditions (homogeneity of the
materials and zero volumetric forces), can be modified and defined over the boundary Q!
and as a result we need only to discretise the boundary of the integration domain (and this will
also have an advantage in the dimensionality of the resulting system of equation in comparison
to the discretisation of the total volume).

An example of dealing with modelling the deformation behaviour of soft tissue by apply-
ing the boundary element method is given in the research paper by Koppel et al. (2008), where
the research indicates the time complexity of the algorithm as “an almost linear time complex-
ity of O(n'-1%), a significant speed up comparing to the traditional O(n*) schemes employing
brute-force linear-algebra solution methods based on Finite-Element Method (FEM) formula-
tions.” Using the boundary element method for modelling the soft tissue is also reported in a
study by Tang (2010) where the researcher, by applying BEM in such a way (determination of
the fields displacement at each vertices of the skin model) to model human skin deformation,

claims that the deformation of the skin layer can be shown at interactive frame rates.
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2.4.3.3 The Finite Difference Method (FDM):

The basic concept of this method, under consideration of initial and boundary conditions, is
the replacement of the continuous derivatives (at each point of the domain of interest) with fi-
nite difference approximation (i.e. f(u+h) ~ f(u)+ dz(u”)h and dzdj; () (”+h)_2];l(2“)+f (u=h)
where £ is the characteristic dimension of the discretisation), where the assembled linear sys-

tem of the equations (the resulting system of the equations) can be solved by different solving
techniques such as iterative methods or direct method. From the computational complexity
point of view, and in the case of irregularity in the geometry due to the discretisation of the
objects, FDMs main drawback is using extensive computational resources for processing the
data; in order to get around this limitation we can use, for example, parallel processing tech-
niques.

Using the McCormack finite difference method, and based on the Galerkin finite element
method, a coupled FDM-FEM approach can be found in the paper by Mithraratne et al.
(2009), where a simulation of a computational model of a 3D soft tissue continuum and a

one-dimensional transient blood flow network were reported.

2.4.3.4 The Finite Element Method (FEM):

To deal with all (almost all) limitations, such as the problem with the complex geometry,
the boundary conditions, the material types etc., and to prove a more accurate method in
solving (continuum mechanics) problems, the finite element method (FEM) is widely used.
One of the major differences between the SMD and FDM methods and the FEM method is
that the SMD and FDM approximate the continuous equilibrium equation (resultant equation
due to minimisation of the energy functional) over the discretised equation at the mesh nodes,
whereas the FEM algorithms, after dividing the object into a set of elements, approximate the
equilibrium equation over each element [where the algorithms can be simply divided into the
following steps: first, defining the continuous equilibrium equation and finding the suitable
finite elements and the shape function or the interpolation function, then dividing the objects
into the elements and interpolating all appropriate variables by using the shape function and
computing, then applying the boundary condition and assembling the set of the equations
into the global system of equations and, finally, solving the equations for the unknowns (e.g.
unknown displacement)].

Due to the fact that the FEM is widely used for a physics-based approach to model soft
tissue, especially to model the human skin, we can find a lot of studies that deal with all
types of linear and non-linear elastic finite element approaches. For example, a finite element
approach, based on linear elastic modelling of soft (facial) tissue in craniofacial surgery, can
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be found in the paper by Gladilin (2002), where a simulation with a simple artificial model
consisting of two nested cylinders, the inner cylinder for muscle and the outer cylinder for
the remaining soft tissue, was reported. Furthermore, in a study by Lapeer et al. (2011), a
non-linear FE model of human skin has been developed with applications in real time surgical
simulation, where making use of GPU allowed large nonlinear dynamic explicit FE meshes to
be used in their model in real time as is required for modelling most biological soft tissues.
However, these models relied on Poisson’s ratio value, adapted from another research study,
which could also have an effect on the accuracy of the results. In another study by Bischoff
et al. (2000), based on statistical mechanics, the development of a human skin model by
applying a non-linear elastic constitutive model is reported, where the non-linearity of the
mechanical stress-strain response of skin due to the collagen network in skin is investigated.
However, as was reported in this study, viscoelastic properties of skin could not be modelled
with the introduced constitutive model.

2.5 Computational models of human skin

Depending on the application, in the last few decades several computational multi-layer mod-
els of skin for studying the mechanical properties of skin have been developed. A few tech-
niques are briefly described in the following texts.

Considering skin layers as linear, isotropic elastic materials, in a study by Thalmann ef al.
(2002) a three layer computational model of skin was developed for studying the changes in
the appearance and characteristics and mechanical properties of the skin due to skin ageing.
The researchers claim to have an accurate computational model of skin compared to clin-
ical observations and laboratory tests. However, when dealing with an extremely non-linear
mechanical problem such as skin, making use of an isotropic, linear elastic material model
is unlikely to deliver really accurate results. Consequently, it cannot be useful for accurate
simulation of needle insertion into human skin and cutting.

Using the agent-based modelling (ABM) technique [a computational modelling technique
which is used to simulate the actions and interactions of so-called autonomous agents (such as
cells, organs, molecules, etc.) where the modelling approach additionally provides a signific-
ant degree of flexibility (e.g. there is no more need for the linearity or smoothness assumption
of a system) for the generation of complex behaviour from simple behaviour], are reported
in many research studies (and especially largely in biology are employed to study complex
biological systems). As such, in the paper entitled "Development of a Three Dimensional
Multiscale Computational Model of the Human Epidermis", an agent-based model, by using
the agent-based modelling framework FLAME (Flexible Large Scale Agent Modelling Envir-
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onment) and COPASI (a software application for the simulation and analysis of biochemical
networks), was developed by Adra et al. (2010) to simulate the behaviour of the human epi-
dermis, where the 3D multiscale model of the human epidermis consisted of cells, tile (for
modelling the interaction of cells with substrate) and physical solver agents (responsible for
resolving forces between cells).

Based on the Monte Carlo technique [computational algorithms based on repeated ran-
dom sampling], Meglinsky and Matcher (2000) developed an experimentally validated multi-
layered computational model of skin (claimed by the developers) which was used to simulate
the reflection skin spectra, where the simulation technique was based on a three dimensional
photon packets tracking strategy where the absorption properties of the modelled skin layers
(seven layers model) were “related to the real absorption spectra of pure oxy- and deoxy-
haemoglobin, and water, and include a different rate of blood oxygen saturation and hemato-
crit”.

In a research paper by Buganza Tepole ef al. (2014) a computational model of skin, based
on stress profiles of skin flaps, was introduced where the models were used to explore the
evolution of tissue tension during flap (with parallel and perpendicular to fibres directions)
advancement, which, they claim, in connection with reconstructive surgery, can be used to
“minimise stress, accelerate healing, minimise scarring, and optimise tissue use”. They also
claim that their results (the mechanical analysis of skin flaps and related simulations) are
very useful for accurate preoperative planning in plastic surgery. However, because the skin
flaps typically undergo large deformation, the introduced algorithms and nonlinear constitutive
models were not verified to be accurate in predicting the stress response.

In order to simulate transdermal drug delivery, the penetration of the drugs and chemicals
into dermal tissue which are applied to skin, Dancik (2004), by using finite difference method,
introduced a computational model that claimed to be useful for describing the transportation
process of the chemical collection through/in each tissue layer.

With regard to the fracture mechanic modelling strategy, and in order to study the mech-
anical characteristics of needle insertion into soft tissue, a simple model [without taking tissue
deformation and friction into consideration, specially failure to take into account relevant con-
siderations such as the contact mechanic in the energy balance formulation] based on quasi-
static analysis of the penetration force, was developed by Azar and Hayward (2008).

One of disadvantages of the above introduced methods is that they cannot be applied to the
skin-cutting or needle penetration models because, either due to simplification of the complex
problems (e.g. considering non-linear, anisotropic and viscoelastic properties of skin layers as
linear, isotropic elastic materials) or the presented models not being based on the constitutive

relations of continuum mechanics which provide an idealised description of materials.
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To this end, as listed in the following table (2.1), a brief summary of existing findings and
related literature (current knowledge of skin penetration) which deals with computational (soft
solid) skin models used for simulation of cutting and needle penetration, and which aims to
help to develop a clear sense of direction early on in this study, has been provided.
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Paper \ Application \ Objective-aim \ Methodology ‘

Groves (2008)

To optimise
microneedle
device design

Quantifying the
mechanical
properties of skin
and developing
microneedle
array designs

Experimental observations
(in vivo and ex vivo) and
development of multilayer
FEM models of human skin
indentation and skin under
tension

Bodhale et al. To the Simulation of Finite element (FE) and
(2010) transdermal structural and computational fluid dynamic
drug delivery | CFD analysis on (CFD) analysis using
(TDD) three- ANSYS-design of hollow,
through Skin dimensional out-of-plane polymeric
model of microneedle with cylindrical
microneedle side-open holes
array
Shergold and Fleck To the Investigating the Development of
(2004) injection and mechanisms of micromechanical models for
wounding of | deep penetration | the deep penetration of a soft
skin of soft solids solid by a flat—bottomed and
by a sharp-tipped cylindrical
punch.
Mahvash (2010) To medical Investigating the Development of nonlinear
needle mechanisms of | viscoelastic Kelvin model to
interventions rupture events predict the relationship
that involve large | between the deformation of
forces and tissue | tissue and the rupture force at
deformations different velocities.
Mahvash and To predict Haptic real time | Cutting simulation of shaped
Hayward (2001) effectively the simulation of prismatic samples of two
deterministic Cutting different biomaterials: potato
behaviour of and calf liver
cutting in
terms of
material
fracture
toughness
Buitrago et al. To control Simulation of Finite element analysis of the
(2015) correctly cutting on the skin incision and puncture

robot-assisted
surgeries and
to avoid
compromising
the patient’s
vital organs

skin and estimate
of the range of
forces that can
safely be applied
with it during a
surgery

when using a scalpel

Table 2.1: A brief summary of some of computational (soft solid)skin-cutting and needle

penetration models




Chapter 3

Development of a physical model for skin

3.1 Introduction

From the literature and the previous chapter we know that human skin has non-linear, aniso-
tropic and viscoelastic properties which makes measuring its properties very difficult. Fur-
thermore, we also know that the mechanical behaviour of skin can be affected by different
factors such as age, the environment, etc. For these reasons, and others such as observational
error, random and/or system errors, etc., the various laboratory tests using ex vivo human skin
samples or clinical in vivo tests cannot be both accurate and precise and the tests can also be
problematic, especially those that involve cutting or needle insertion into the skin. When test-
ing the human skin or particularly when doing cutting and needle insertion tests, because of
many reasons such as being at increased risk of acquiring infection when handling human (or
animal) skin or the difficultly of needle insertion tests or the virtual impossibility of successful
cutting in vivo tests, ex vivo tests, in comparison with clinical in vivo tests, are preferable.
Furthermore, as mentioned earlier, due to age or environment-related and other changes in
the mechanical properties of human skin, sometimes even ex vivo human skin samples might
not be the perfect candidates for highly specific tests. In other words, they cannot be used to
cover every variety of tests. Thus, in many applications in research, such as material devel-
opment and testing, due to the repeatability and reproducibility of the reliable physical skin
models in comparison to ex vivo human skin samples, researchers prefer to use physical mod-
els instead of using real human skin. Nevertheless, the accuracy of such physical skin models
which can be used to replace real human skin (and can represent the mechanical character-
istics of human skin truthfully and deliver the same test results as the human skin in vivo),
are an open question which can be answered with systematic investigation of the mechanical
response of the material applied to the physical skin models and exploration of the mechanical

properties of the physical skin models and real human skin and finding their differences.
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The main aim of this chapter is to describe and demonstrate the method used to create
a physical model of skin suitable for the cutting and needle insertion tests. In the following
sections, the manufacturing process of the materials (i.e. silicone rubber) that were used to
develop the physical model of human skin in this study will be described in detail. Then, very
briefly, the specimen measurement devices, the testing machine and Digital Image Correlation
(DIC) System, will be introduced. Next, the tensile and indentation tests on the models pro-
duced in the laboratory, by using previously mentioned specimen measurement devices, will

be described. And finally, the process of evaluation of the test results will be discussed.

3.2 Methods

3.2.1 Specimen preparation-silicone moulding

Using a custom mould made by a different researcher at Cardiff University, the manufacturing
process began by mixing two parts liquid silicone' [after metering unit for the A and B com-
ponents (9:1)-specified by the manufactures] which were used to make the specimens. After
mixing they were degassed (so all the air bubbles in the mixture were removed). The time to
do this varied between specimens and was deemed to be complete when there were no more
visible air bubbles in the mixture. After that, the mixture was poured into the mould. The
mould was clamped shut, and then the silicone was cured in an oven. The temperature of the
oven was dependent on what silicone was made.

Additionally, when making samples - such as fat samples - a thin layer of silicone was
used to make skin. This was laid down first and then the fat was poured onto it. For other
samples, like the muscle sample, it was poured directly into the mould. The mould was coated
with a wax releasing agent prior to pouring in the silicone to try and ensure that the silicone

was easy to remove from the mould.

3.2.2 Mechanical testing procedure
3.2.2.1 Zwick universal testing machine

Three different tests were carried out: tensile tests on rectangular specimens (with initial

width: 10.1 mm, height: 60 mm, depth: 4.2 mm), compression tests on cylindrical speci-

"Due to the fact that the liquid silicone has a different viscosity and curing temperature from other types, it has
the advantage of being able to change the shape easily (in other words, it can easily fit in any mould and is ideal
for complex moulds and is highly appropriate for the production of parts). The specimens were manufactured by
moulding of liquid silicone rubber.
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] Maximum force 2.8 —34.7N ‘
’ tensile test ‘ ’ Deformation at maximum force 65.1 —99.9 mm ‘
| indentation test | | | | Maximum force 37.3 —93.9N |
’ Deformation at maximum force 3.1 — 3.7mm ‘
| TestSpeed | 10 — 100 mm,/min |

Table 3.1: The range of the measured maximum forces and deformations during tensile and
indentation tests and the test speed configurations (Zwick machine)

mens and indentation tests. The tests were run at three different crosshead speeds, namely
10mm/min, 50mm/min, 100mm/min.

The tests (three tests on each material) were carried out using a Zwick Z050 testing ma-
chine with a 2kN load cell. Load and displacement data were recorded on the machine and

also output as analogue voltages which were recorded by the DIC system.

3.2.2.2 Tensile test

In order to perform the tensile test, the sample (the silicon rubber manufactured in the labor-
atory) was attached to the Circular Bollard Grips which were mounted to the Zwick testing
machine.

The testing protocol involved uniaxial tensile tests at three different constant speeds, namely
10mm/min, 50mm/min, 100mm/min. Two high-speed video cameras were mounted in front
of the testing sample to collect image-video data of the specimen stretching or being stretched
with/without breaking, and the load and the displacement signals (analogue signals) from the
the Zwick machine were sent to the DIC system. The software (Istra 4D) was used to store
camera data, which was located in a laptop (part of DIC System equipment). The captured im-
age data was automatically loaded into the Istra 4D DIC analysis software where the measure-
ments (strain measurements), testing, analysis and evaluation proceeded. Each Zwick testing
machine has its own software which was used in the tensile testing to manage the individual
test data. The test data and conditions are shown in Tables 3.1 and 3.2.

3.2.2.3 Indentation test

The materials used for the experimental study of indentation tests were again silicon rubbers
[the samples (with initial width: 10.1 mm, height: 60 mm, depth: 4.2 mm )], where each
indentation test involved the following steps:

-The indenter approached the surface of the specimen until sensing contact.
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o | Zwick universal testing machine |
Measuring instruments
| DIC system |
DIC Analysis software Istra 4D
Calibration plate size: 105 x 148 mm?
Imaging Speed 500 - 1000 frames/sec
Grip Circular Bollard Grip
Measuring Force, displacements and strains

Table 3.2: Test conditions

-The indenter was pressed at a rate of 10mm/min into the sample. It continued to deepen
until a maximum depth of about 3.8 — 4mm was reached.

-The indenter was detached from the specimen completely, and the sample was prepared
for the next indentation tests involving two different test rates, namely 50mm/min, 100mm /min.

By making use of a flat-bottomed, circular cross section punch [cylindrical indenter which
was attached to the Circular Bollard Grips which were mounted to the Zwick testing machine,
allowing the tool to perform indentation test in the direction orthogonal to the surface of the
specimen where the sample was joined (freely sliding) by one face to a solid metallic plate (a
solid part of the machine)], a series of indentation tests were accomplished.

In addition to the Zwick universal testing machine, an optical measuring system, Digital
Image Correlation system, described previously, was used to measure the displacement. This
is necessary because it is not possible to attach a conventional extensometer to the specimens
to measure the strain during the test, and so an optical method is necessary.

The necessary control conditions were included entirely which were important to be con-
sidered [before and after the collection of information and data (during tests)].

The machine crosshead was programmed to have constant velocity of 10mm /min [the rate
of the first test] where the displacement of the arm was controlled by implementation of the
limit. The resulting force-displacement, for different values of the test rates and loads, was
recorded by the machine’s software, The test data and conditions are shown in Table 3.1 and
3.2.

Simultaneously, to collect more accurate 2D and/or 3D measurements, the DIC meas-
urement was proceeded where the flat-bottomed indenter was covered with painted speckles
allowing more accurate DIC measurement of the displacement of the tool.

The DIC measurements of the entire process of the indentation tests, as shown in Figure

(3.2), were based on the displacement field of the surface of the indenter.
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3.2.3 Processing-data analysis

3.2.3.1 DIC data

The calculation of Poisson’s ratio [Assuming v = —% = —%, stretched in the y — direction]
y y

were performed for each manufactured silicone rubber in the laboratory.

To achieve more accurate results, the following mathematical formulation was used.

11 del 13 del 1 del

+=Y —+-)

V:_—[— ; - _—
3 li:Zldsy m = de] o deyl

B (3.1)

where [,m,n refer to the number of the DIC measured engineering strains of three line
pairs, as shown in Figure (3.1). Note that, the increasing of the accuracy is related to the
number of line pairs.

Using the above mathematical relation, and the results from DIC measurements which
were imported into Microsoft Excel, the Poisson’s ratio for each sample was calculated.

3.2.3.2 Zwick machine data

To extract the general characteristics of the tested samples and compare them, the recorded
load-displacement data from the Zwick machine for both tests, the indentation and the tensile
tests, were examined.

The load-displacement curves for the tensile tests were converted to stress-strain curves
where engineering stress ¢ was defined as force per unit area ¢ = % (where F is force and
A is the cross sectional area of the specimen) and the engineering strain was defined as the
change in length [ — L = AL per unit of the original length L of a line elemente = I’TL The so
calculated stress-strain curves were used for curve fitting as described in Section (3.2.3.3).

Considering the following previously developed mathematical relations, the indentation
data was processed.

The mathematical formulation of the normal penetration of the boundary of a half space
by a flat-ended cylindrical punch has been developed by a wide range of studies. One such
formulation, based on the axisymmetric Boussinesq problem [Selvadurai (2001)] and using
the theory of Hankel transformation, can be found in the paper by Sneddon (1965), where
the researcher found that the total load P required to produce a penetration d by a flat-ended

cylindrical punch of radius a can be formulated as

a 4Gad
P= 271/ po(p,0)dp = ,
0 1—v

where G, v are the shear modulus and the Poisson’s ratio.

(3.2)
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The pressure distribution o, and the displacement u, are given by

2Gd 2 )71

O-ZZ(p’O):_n(l—v)<a —p , 0<p<a (3.3)
2d -1 a

0) = Zsin 1(£ 3.4

u(p,0) —sin (p), p>a (3.4)

It is worth mentioning that the equation (3.2), in the other study Hayes et al. (1970), using
Boussinesq-Papkovitch potential function and Fredholm integral equation of the second kind?,

has been slightly differently expressed, namely:

P=12x /0 " o(t)dt (3.5)
0 [

where
R e L R @)
—1__/ o (0)[K(t+ &) +K(1—&)ldt (3.8)

a —v)? a
a /{3 4vhoce —[o(1+a)+4(1 H}st[a(ﬁu]da? (39)

Z+4(1—v)2+(3—4v)hila

where at z = h, u; = u, |o<r<eo="0

Although it has been proven by Hayes ef al. (1970) that the indentation data (e.g. the
quantity k) is dependent on the area aspect ratio 7 (e.g. the edge effect can be neglected in
the case of large indenter compared to thickness of the specimen), nevertheless, in the present
study the indentation tests were developed under consideration of the fixed contact area and the
fixed thickness of the specimens [and consequently fixed value for the quantity x in equation
(3.6)] where the equation (3.2) was directly used to determine the shear modulus G.

3.2.3.3 Curve fitting

The curve fitting technique is used to determine mathematically the material model’s para-
meters or constants by finding and constructing a best fit curve based on the experimental

29(x) + L Jo @(O[H(t +x) + H(t—x)]dt = F(x), 0< x < a
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(measured stress-strain) data for the material where the results of the (curve-fitting) method
follow the test data within the range of interest. Curve fitting will not deliver an exact fit to the
test data where, due to variations in the material and tests, in most situations, a high degree of
precision in the curve-fitting cannot be achieved.

The Neo-Hookean incompressible material curve fitting technique involves the following
steps (which is generally the same technique for different hyperelastic material models):

- Acceptable stress-strain curves need to be considered and made suitable to requirements
or conditions

- A constitutive Neo-Hookean hyperelastic material model needs to be chosen

- Regression analysis (least squares method and definition of an error criterion)

- Comparison of the curve fitting results with the measured stress-strain data (the best
approach to solving the problem using different softwares)

Mathematically, the curve fitting method for the Neo-Hookean incompressible material
(usually used as a constitutive hyperelastic material model for silicone rubber) is described as
follows:

Recall the equation (2.6), the incompressible Neo-Hookean material

AFHAZ+23

~~
1 -3

YA, A, A3) = g — p(J —1) [Incompressible], (3.10)

where p,J are pressure and the determinant of the deformation gradient F' and the strain
deformedlength
l
invariants Iy, /3 in term of the principal stretches A1, A2, A3 (A1 2.3 = L—l

1
~—
undeformedlength

) are defined

as

L= AM+23+23
G.11)
L= A?A3.A7=1 [Incompressibility condition)

Assuming the stretch A = A; is parallel to the tensile stress and A, = A3, by using the
incompressibility condition, the first and third strain invariant /1,13 can be re-expressed as:

I = 12—1—21_]
A=23 1 (3.12)
L= MM =1lh=A4h=17

Furthermore, the relation between the strain energy W(A;, 42, A3) and the first Piola-Kirchhoff
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stress P(A,G) is given by

O Joha) _ ¥ Jals) O 3¥(hJa,l) O OW(h,ha, ) Ol
el 23 I oM db oAy ok oA’

=0

P(A,G) =

(3.13)

after substitution of the equations (3.1) and (3.2) into the equation (3.3), and under the

assumption of perfect incompressibility, the first and second Piola-Kirchhoff stress expres-

sions for the cases of uniaxial (ux) [P} = AS;,01 = ?LZSI,SZ = 33 = 0] [and equibiaxial
(bx)[A; = Ay, A3 = A~2]] deformation are given by

Pu(A,G) =G(A—2172) = S(A,G) =G(1 —173)

(3.14)
[Pbx<2’7G) = G(A’ _175)]7

which can be used (in this study only the uniaxial first Piola-Kirchhoff is used) to measure
stress versus stretch relation for the analytical expressions (the first Piola-Kirchhoff stress-
stretch relation for tension and compression of the incompressible Neo-Hookean material).

The next step of analysis is usually associated with the regression analysis where, as shown
in equations (3.15) or (3.16), by making use of so called least squares method which uses the
sum of the squares of the difference of the functions [e.g. the stress model function P, (A, G)
and the (experimentally) measured nominal stress function oy(A) = Py] and minimises the

overall solution, we can find the approximate solution of overdetermined systems.
n
grror = Z[GN(;LI') — P (Ai, G))* — min, (n, numberof data pairs) (3.15)
i=1

(A) = Pux(4, G)|?
[ow (A))?

n
EFTOF norm = Z low — min, (normalized) (3.16)
i=1

which assumed to have the ideal solution oy(A;) = P,(A;,G) |v; in the case of having
identified curves.

At this point it is worth mentioning that in the case of non linear least square problem
[when the model function P(X;, @ j) (where X; is an independent variable-found by observation
and o; is a model parameter) is not linear in the parameters (if the derivatives of the model

8P(X,-,aj)

function with respect to the parameters — 7

is not constant), the sum of squares must be
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minimised by an iterative procedure. Using Taylor series expansion we will get

AOC]'
Y OP(X;,
PO (X, 0 :P(">(Xi,ocj)+2¥ (@D _ ) (3.17)
j

where k is an iteration number, and to minimise the sum of squares after setting the gradient

of squared residuals [¥; — P(X;, ¢t;), ¥; is a dependent variable found by observation] to zero

we will get
A(Zj
Vi vj )T I
Y1) - Y o o e S0 ey

80@
;7

8aj

N

which can be solved in an iterative procedure for Act;. The non linear least squares prob-
lem occurs when, for example, trying to fit the curve for the Ogden models and has no analytic

solution, where the analysis continues with the definition of a convergence criterion which can
be defined as

k+1) k)

error® ) — grror parm®*tY — parm®

|< limit or | |< limit, (3.19)

error®) parm*)

k) are the k' iteration of the sum of squares (the error) and the non

where 8rr0r(k), parm(
linear model parameters.
Also the goodness of fit which is typically used to measure the similarity between meas-
ured values and the values of the model in a problem, can be evaluated using the following

equation [Rackl (2015)]

n—p-1 i1 [ (B) — fe(B))?
R2

where R? is the adjusted coefficient of determination which, in the case of having a value
close to 1 (ideally 1 for perfect fit), indicates a good fit, and p, fg(B:), fE(Bi), f(Bi,C) are the
number of model parameters, the function of measured values, the average of the measured

values and the model function.
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3.2.3.4 Results

Figure (3.2 and 3.3) shows the result of experimental tensile tests, indentation tests and the
DIC measurements obtained in tensile-indentation testing of silicon rubber specimens (from
the start of the tensile test to the point that some of the specimen breaks where the influence of
the different testing speed was also investigated - for example, more accurate DIC measure-
ments at low speed test). The images were extracted in a typical time course analysis from two
DIC cameras. The appearance of colouring in the images corresponds to the strain distribution
in the specimen where the colour maps in Figure (3.2) show the distribution of strain in the
direction of the highest degree of strain over the specimen. The certain quantity of strain that
occurs in the specimen corresponds to the degree of the colour temperature, where the areas
of the images that show brighter colour, such as white green-orange-red, indicate a greater
degree of strain and the areas of darker colour, such as blue-black, indicate low strain.

Using MATLAB, in order to fit the constitutive model (Neo-Hookean hyperelastic material
model) to the experimentally measured stress—strain data (to obtain the model parameter), the
first Piola-Kirchhoff stress function P (P = F'S) was calculated (where F, S are the deformation
gradient and the second Piola-Kirchhoff stress tensor).

The results of curve fitting using MATLAB are shown in Figure (3.3), where the stress
(M Pa) - strain data was calculated directly from the experimentally measured force-displacement.
Using the equation (3.14), a function was defined as an input for curve fitting where, by pro-
ceeding the goodness of fit analysis, determination of the sum of squared errors of prediction
[SSE =YY" wi(yi— fi)z, where w; is the (i th) weighting applied to each data point, y; is the i
th observed data value and y; is the i th predicted value from the fit, a value closer to O indic-
ates that the model has a smaller random error component, and that the fit will be more useful
for prediction (MATLAB)], root-mean-square error [RMSE = sqrt(mean((y; — ¥;)?)), a value
closer to O indicates a fit that is more useful for prediction (MATLAB)], R-square and the ad-
justed coefficient’, the unknown G, the shear modulus, was determined for each sample data.
Note that the measured data was fitted against the appropriate stress measure; in other words,
the measured data against the analytical expressions for the uniaxial first Piola-Kirchhoff stress
expressions.

Table 3.3 shows the material property Young’s modulus E and Goodness of fit obtained in

3nteractive curve fitting using MATLAB code: [stress(y) , strain(x)]
mynormresid3 = sum(resids3.2)"(1/2) (norm-of-residuals)
mynormresid3 =0.3248
SStotal = (Iength(y)-1) * var(y); (the sum of the squared diff. of each value from the mean of the variable y)
SSpop =61.3061
rsqlinear = 1 - mynormresid3~2 / SSpop
rsqlinear =0.9983 « R?
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fA)=G(A—-217%) | G= 2(1€rv) (MPa) SSE | R-square | Adj. R-square | RMSE
E =0.723 0.2565 | 0.9931 0.9931 0.01453
E =0.813 0.2573 | 0.9584 0.9584 0.04598
E =0.527 2.1057 | 0.9703 0.9703 0.01366

Table 3.3: Young’s modulus £ and Goodness of fit of the input function, incompressible Neo-
Hookean, used for curve fitting in MATLAB
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Figure 3.4: Stress stretch curves for the generated physical models of skin in comparison with
literature data for real skin [Zhou et al. (2010), Evans and Holt (2009), Shergold et al. (2006),
Groves (2008)]

incompressible Neo-Hookean curve fitting in MATLAB using calculated stress-strain (stretch
= strain+1) curves from experimental tests.
Furthermore, Table 3.4 presents the average values of the shear modulus G = ﬁ for

the plane-ended cylindrical indentation (for different specimens).

3.3 Conclusion/Discussion

The aim of the work presented in this chapter was the use of existing methods which were
adapted to the development of a physical model of human skin suitable for cutting test and

needle insertion into human skin where the methods allowed accurate measurement of the
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| Shear modu. | [a=1.6mm | h=42mm | f™(37.3621—93.9111N) [ d"*“(3.8—4mm) ||

G(vy) 0.437557 2%,

G(vy) 0.446646 L,

G(v3) 0.270886 ¥
mm

Table 3.4: Average values of the shear modulus G for the plane-ended cylindrical indenter,
(Poisson's ratio, vi = 0.412096,v, = 0.43174,v3 = 0.35874)

mechanical properties of the physical model.

This study applied tensile tests and indentation measurement to the silicon rubber man-
ufactured in the laboratory by using the Zwick compression-tensile testing machine and the
Digital Image Correlation (DIC) technique to characterise the mechanical properties of the
sample.

Using the Digital Image Correlation technique and applying the powerful DIC Functions,
such as strain and displacement mapping to the test analysis methodology, have made this
study capable of accurate measurement of the mechanical properties of the samples (such
as shear modulus, Young’s modulus etc.). Although the full 3D DIC has been proven to
be capable of handling more accurate deformation analysis than the conventional methods,
besides experimental condition and issues, additional work, such as improvement of the DIC
data processing hardware-software, can be investigated to improve the DIC results.

In this study, the mechanical characteristics of several physical models of skin were ex-
tracted and compared with the data obtained from existing research studies (in vivo/ ex vivo
measurements). In Figure (3.4), the quality of the results obtained in this study in compar-
ison with literature data for real skin [Zhou et al. (2010), Evans and Holt (2009), Shergold
et al. (2006), Groves (2008)], is presented, which shows the considerable difference between
(stress stretch curves for) so generated physical models of skin and real skin. To overcome
this problem, based on the results, this study suggests, adding fibres to silicone rubber could
improve the tensile strength of silicone properties (tensile strength of fibres/silicone rubber
composites) and provide more quantitative and qualitative fit with experimental data. It needs
to be said that the variations in the mechanical characteristics of the physical model of skin in
comparison to the real skin model are not just limited to the physical model of skin. It has also
been shown by some researchers that even in vivo and ex vivo measurements of the mechanical
properties of skin vary. An overview of such in vivo and in vitro experiments revealed that, in
most of these experimentally performed tests, the complexity of the mechanical properties of
skin is reduced and regarded, for example, as a homogeneous non-linear elastic solid where
mostly quite simple constitutive equations are used for highlighting the fundamental principles

and straightforward nature of the mechanical behaviour of skin.
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As mentioned earlier, due to the complex mechanical properties of the skin tissue, addi-
tional work is required to develop a new physical model using various materials that could
potentially provide a more accurate model (a physical model whose extracted material para-
meters could be the best fit with experimental data), where the process can be repeated until
the issues have been reduced to an acceptable level, meaning that each time a measurement is
taken, it could be compared with the results of the existing literature and it could be repeated

over and over again until the required precision is achieved.

3.4 Summary

A summary of the methods which were used to develop a physical model for skin (in this
study) is shown in Figure (3.5).
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Chapter 4

Implementation of a Cohesive Fracture
Model through Contact Mechanics

4.1 Introduction

Various theoretical and numerical formulations of Cohesive Modelling and Contact mechanics
with/without cohesive forces have been widely studied and applied for the different problem
classes with the traditional Finite Element Method (FEM).

Modifying the classical contact mechanics (modification of classical contact constraints
based on Kuhn-Tucker conditions) to provide a specific implementation of a mesh independ-
ent method for straightforward controlling of (non-linear) fracture mechanical processes using
Mixed Mode Cohesive-Zone method - in other words, a new large deformation cohesive zone
formulation alongside thermodynamically coupled friction (based on the Coulomb friction
law), formulated in one contact structure - was the idea of this project, which has been imple-
mented using FEM. Then the accuracy of the implemented algorithms has been analytically,
practically and experimentally verified.

In order to process the development of this project, the first step was the classification
of computational and mechanical-mathematical problems related to modelling which were
clearly separated into those with the implementation of the clarified underlying theory and
those problems with optimisation using advanced computational and mechanical optimisation
algorithms and methods.

The treatment of the modified contact given here, specially the treatment of the classical
contact, friction and thermodynamic, follows in the footsteps of some previous research stud-
ies [Laursen et al. (2004) and Laursen (2003)]. The numerical implementation of the al-
gorithms of modified contact is based on the open source code FEBio with modification
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and re-development of existing source code, while the theoretical-mathematical framework
of modified contact inherits its definition from mixed mode cohesive law and the partial di-
vergence of the standard definition of the classical contact formulation (based on Lagrange
multiplier and penalty factor and gap function). In other words, the constitutive models within
this framework consist of a combination of both classical contact mechanics and cohesive
fracture formulations where the boundary value formulation of modified contact mechanics
is based on the modification of the long-established contact-boundary value formulation (the
traditional way of the Contact-Calculus Variation formulation) in combination with the Strong
Cohesive Law. Additionally, constitutive relations that govern the constitutive model of the
thermodynamically coupled friction boundary value problems in solid and structural mechan-
ics have been taken into account. To enable switching between the classical contact part of
modified contact and the cohesive fracture part of modified contact, the algorithm of the mod-
ified contact, optimised with inequality constraints (the Kuhn-Tucker conditions), enforces
the contact constraints within a strong Mixed Mode Cohesive Law formulation which clearly
takes the place of the classical contact constraints formulation and, in the case of the physical
requirement of impenetrability and compressive interaction between two bodies, enforces the
classical contact constraints. The theoretical-practical presentation of the numerical methods
of modified contact in solid and structural mechanics and the accuracy of the constitutive mod-
els for practical engineering problems and the applicability of algorithms have been treated in
the following sections.

The formulation begins with an overall description of the problem, global variation for-
mulation of the problem. [In this chapter, the focus is only on the contact and frictional-
thermomechanical contact problem, while the fully thermomechanical initial non-linear bound-
ary value problem IBVP (considering all thermodynamic parameters of a system) will be
treated in the next chapter in relation to cutting modelling]. It follows with the definition of
mathematical models of the cohesive model and classical contact mechanics, then it continues
with the development of mathematical models of the modified contact and thermodynamically
coupled frictional contact problem, followed by convergence analysis. Finally, it presents the

implementation (modifying FEBio-package), computational models and verification tests.

4.2 Constitutive models

4.2.1 Global Variation Principle (total virtual work)

Considering the general problem statement for the treatment of the thermomechanical non-
linear dynamic contact interaction of two finitely deformable bodies (£2(1),€25)), introduced
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Figure 4.1: Tllustration of solid body Q with boundaries I, = dQr,T", = dQ,,I; = dQ [source:
Xuan et al. (2016)]

previously in Laursen (2003), the thermomechanical initial non-linear boundary value prob-
lem (a finite strain IBVP including contact), during a time interval T = [0, ¢], and for the given
boundary conditions: dQr, dQy,dQs,dQr,dQ, discontinuity, Dirichlet, Neumann, temper-
ature and heat flux (prescribed) boundary conditions with:

Veontact inter faces | dQrUdQ, UdQs = dQ = JdQrUdQr UdJQ, and

IQrNaQ, = IQrNIQs = 9Q; NIQ, = IQr NAQ, = IQrNaQ, =0,  (4.1)

formulated as the following:
Given the following boundary conditions on traction, body force, boundary displacement,
heat source and temperature boundary:

b(l) . Q(l) X T = Rm, [l =1 2]
R(i) . Q(z) x T =R

t((;) : 8!2@6 X T — R" 4.2)
Wi - Q) x T —R"
(T 0Qur x T =R

find the motions y(;) : Q_(l) x T —R™ [Q_(i) =Q;HU 8Q(i), theclosureof € ;] and temperature

fields 7(;) : Q(;y X T — R such that (m the number of the dimension of the problem)
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( V.Piy+bg) = p(()i)g—;y/(i) on Qi xT Momentum Balance equation(MB)
5 o vy = vy in Q)
— 0 _ 70 -
V=0 =¥ To=0 =T in L
ll/(,) = l[/(ul) on 89(,)u X T 4.3)
PNy = fg-) on JQupe X T
Ty = T(T) on 9Qur xT
QwNw =40 on 9, x T,
where y;), l//(ol.),v(()i), T(%,V.P(,-),N( s Dy Po ,t ,Q R(;y are the unknown displacement

field, initial displacement field, initial velocity ﬁeld 1n1t1a1 temperature field, the divergence
of first Piola-Kirchhoff stress tensor, outward normal, body force, the initial mass density of
the material, traction field, heat flux and heat source which are to hold [V¢ € T] at each material
point of deformable bodies (£(1),2(2)).

Using the following definitions [(4.4), (4.5), (4.6), (4.7)], the above problem can also be
expressed in terms of the following total virtual work formulation (weak form of the large

deformation frictional-thermomechanical contact with cohesive force problem):

Ul = {Wm €HN Q) - Q) = R™ [ ) =y in 9 QU)M} @

wi = {up e H'(Qp) 1 Qg — R [y = 0in 09, | (4.5)
={T) : Qi) = R| Ty >0, Ty = Ton 9Q7} (4.6)
{T —> R ’ T O, on aQ(l')T}, (47)

where H' (Q') introduce Square integrable (derivative) functions space (H1 Hilbert space)
and the weighting spaces Wi, TW' and the solution spaces U’, T’ are given with respect to the
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reference configuration of each deformable bodies (;), i = 1.2).
Vi €T | find y! €U, T" € UT¥v; € Wi and V8T € UTW' [y’ € UU',v € UW'] such that!

(aglS

6WT0m[(l[/I,V, Tta 5T) = [6‘/Vint(ll/;7vi) - 6Wext(ll/ityvi)] + 6Wfricti0n(l//fav)+

=1

~

5VVthermodynamic<Wt7 12 Tta 6T) + 5Wconmct(‘l/ta V) = 07 (48)

where Wy (W', v, T",8T) is the total virtual work expressed in term of internal and
external virtual works Wi (W!,v;), 8Wey (W], v;), friction virtual work W icrion(W',v), ther-
modynamic virtual work 8 Wssermodynamic (W', v, T*, 6 T) and modified contact virtual work (which
is a combination of the classical contact and the contact with cohesive force) SWeonract (W', V).

Before demonstrating the above virtual works in integral form and to avoid adding too
many new symbols, the following discrete functions I'(11, €f,€5°", gn) and p(Y) are defined
first:

>0 onlystick
| mehander > 0,4 e
C(u,er,e gn) = en 20 stickand slip (4.9)

0 otherwise,

where 1, €7 are the friction coefficient and the friction penalty factor, and p(Y) defined by:

(
T.(A,8) = Ay +€,gn(X) Classical (sliding)Contact if gy > 0
(X)) (L))
( ( 8,‘,”;’ ))e ( (Etcoh>2 ) lng S 0 (410)
(M) | (67 ()2

T(B) =2/ hep (SL00).(1 4+ 280).e 67 @7 if gy <0,

gtc'oh 8,L1'0h

p(N): = | JTalo) =i (B35)).e

I
£50

\

where A, €,are the Lagrange multiplier and penalty factor and

!Commonly Momentum Balance equation (MB) will be multiplied by a smooth function, so-called test func-
tion or weighting function v; := dv or virtual weighting function with v; = 0 on the boundary surface dQ, and
after some algebra (e.g. applying the product rule(V.0).{ + 0 : V{ = V(0.{)) leads to the virtual work formu-
lation
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o= (8150h7gN7gT7tNax gtCOh)

ﬁ — (grcl'oh’gN7gT,tTax 8tcoh)’

and g, SCOh,gN, 7t g7, Ov are the characteristic opening length of the tangential
direction, the characterlstlc opening length of the normal direction, the normal gap function,
the maximum allowed tangential traction before propagation of cracks, the maximum allowed

normal traction before propagation of cracks, the tangential gap function, virtual velocity and

¥
ac

volume with respect to the right Cauchy—Green tensor.

is the derivative of stored strain energy function or elastic potential per unit of undeformed

It is worth adding that ¥ can be established as the work done by the stress from the initial
to the current position and can depend on F(deformation gradients) or C(right Cauchy—Green
tensor) or on the invariants of C(I¢ Il II)as :

Y(F(X),X) = Y(C(X),X)=Y eI I, X), (4.11)
and is different from material to material, for example [recall the equation (2.7)] compress-
ible neo-Hookean material
G (A1.A2.A3)=det(F)
=~ K
W= (I—3)~Gln J +3 (InJ)? (4.12)

So, the internal, external, friction, thermodynamic and modified contact virtual works in
integral form are given by (which will be described in more detail in the sections following):

2 oY,
5‘/th Z/ 9C DC 5vl]d§2 [vi:5v,-] (413)
1:1
2
5Wexl<wtav) = Z( b(i)5vid9+/t(,~).5vid59i) 4.14)
i=1 Q; 59,’
5£T
Wi (W',7) = [ 17T (ks o5 n). T{80(X) ~3@(T (X))}l (415)

I
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SWinermodynamic (W', v, T*,8T) = / T(w,er, e, gn) (g 8T + g §TM)dTy  (4.16)
Iy

6Wconmct (l//t7v)) - f]“xp(Y)-ngdrs’ (417)

where lP,C,t,b,qi"”‘e,q’c’““"‘”,tf,l“s,DC[Sv], O0T,8gy[6gn | Ogr] are the stored strain en-
ergy function or elastic potential per unit of undeformed volume, the right Cauchy—Green
tensor, the traction, body force, the heat fluxes across the contact interfaces (slave and mas-
ter), the friction traction, contact boundary, virtual temperature, the directional derivative of

virtual velocity and virtual gap function.

4.2.2 Cohesive Zone Model (CZM)

In connection with numerical analysis of the fracture mechanical (failure and delamination)
processes and to approximate non-linear fracture behaviour, cohesive zone models have been
introduced and widely studied over a period of years. Even recently, there has been growing
interest in the field among many scientists.

In general, a cohesive element formulation is the interface modelling with the definition
of discrete elements between the two surfaces, which are supposed to have zero separation
in initial condition. As the cohesive surfaces separate, cohesive traction first increases until a
maximum value is reached, and then it reduces to zero (complete separation).

As mentioned in an earlier chapter, the constitutive formulation of the cohesive model
inherits its definition from two different classes, namely the potential and non-potential based
cohesive model. Due to some limitations of the non-potential based cohesive interaction (e.g.
all possible separation paths have not been considered under mixed mode conditions), and
because potential-based cohesive formulation offers an efficient computational framework for
handling fracture mechanics, in this project, potential based cohesive interaction has been
chosen and studied.

The most important characteristics of cohesive constitutive relationships are (see Figure
4.2):

1. The work done by creating a new surface, the fracture energy, is the area under a traction

separation curve.
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Figure 4.2: Two dimensional illustration of the normal opening traction versus normal open-

ing(pure normal opening)

| Cohesive Law |

Traction function

Parameters
Exponential Tocingy = Tg'™ (%)exp( - (%‘;) O¢ opening direction
T&”gfm [}maximum normal/tangential traction | O, characteristic op. length
Polynomial | Tye () = T4 (32)f(d),d = /Lol 22

Piece-wise linear

Tmax — Tmax( O )

Rigid-linear

t
)
T(XE{n,t} = T&nax(l - ﬁ)

Table 4.1: Cohesive Zone Laws

2. The cohesive traction decreases to zero while the separation increases, which results in
the complete separation.

3. Different fracture energy for different opening modes (mode LILIII).

4. The (unloading-reloading) energy dissipation is not dependent on the potential.

The different formulation of cohesive zone follows different laws, which are commonly

indicated as Cohesive Laws (exponential, polynomial, piece-wise linear, rigid-linear as de-

scribed in the Table 4.1).

The most popular cohesive zone law is exponential cohesive law where, in the case of

mixed mode, the normal and tangential traction functions are the functions of both normal and
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tangential openings. Due to some advantages of the exponential law” compared to the other
laws. In this study, the formulations are based on the exponential mixed mode cohesive law
defined by (see Figure 4.3):

5,, 5n 612
I1(8y,6) = Ho[1 — (1+ 5¢)-exp[— (5t + 5]
52
Tn(5n76t) 86 |H0 I,— I;_ﬁn (g_g‘)'exp[ (5L +W)] (4 18)
r n 6t2 .

T;(80,8) = 95 I, = 25 (). (14 §)-exp[— (§ + 5550
5;2 - maxnn 5 of = I ’

Tn .exp(l) t Ttmax. %exp(l)

\

where T, T;, T"*, T/"*, 8¢, 67, I1(d,, & ), Oy, O are the normal opening traction (coupled
mode I cracks), the tangential opening traction (coupled mode ILIII cracks), the maximum
normal opening traction, the maximum tangential opening traction, the characteristic opening
length of the normal direction, the characteristic opening length of the tangential direction, the
potential function, the relative displacement of normal opening and the relative displacement
of tangential opening.

As shown in the equation (4.18), the normal traction is calculated by differentiating the
potential T1(6,, &) with respect to the normal opening &, for the work of separation of the
pure normal opening (Ily = IT,) and the tangential traction is calculated by differentiating the
potential I1(6,, 5;) with respect to the tangential opening & for the work of separation of the
pure tangential opening (Ily =IT,).

Also the total work of separation (per unit surface area) defined by

Work!o@! = /w (S, 5,)d6n+/°°7;(5,1, 8)dé;, (4.19)
0 0

Vv v
worknormal worktangential

Using the above definitions, t;{,‘)h coh the normal and tangential cohesive traction have been

calculated based upon the following determmatlon (described in more detail in the following

2Due to the fact that the tractions and their derivatives are continuous, the exponential mixed mode cohesive
law has been selected as cohesive law and applied to the problem
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Figure 4.3: Three dimensional illustration of the normal and tangential traction-opening [a) :

(éilaé%) =X, é» ) : ]}(éilaé%) = Zaéil = )@ é& =X ]
section)
( v () _ (e (X))
t]cvoh tmax‘(ggC#). (1—( évfl”h ))e ( (e€0%)2 )
2
o x|~ 07
< co ) tmax gT (1+ - ) €5 (") (420)
ECO
(8v0) +(g%(x)>2)

coh coh

5t =2,/Le. ﬂT"aX.(gg( )).(1 + )¢
where gy (0)[—1(9!1(6) = ¢ (F CO)]. g7 (X)[eF = map(E, — &) ar the nomal
and tangential gap functions, 1y, 7' are the maximum normal tangential opening tractions,
g% £coh are the characteristic opening length of the normal and the tangential directions.

In order to calculate the amount of irreversible cohesive energy which is normally indic-
ated by damage factor W, we need to compute the characteristic opening length of the normal
(tangential) direction (defined by &, = £¢°" | £°°") and the maximum separation value (max-
imum gap value) reached until time evaluation t (Suaxs = §aPmaxs(X,Y (X))), which in general
is shown as (linear case):

W o= 5’"‘”‘”, 4.21)

where, Viime  gapmax:(X,Y (X)) > gap(X,Y (X)).
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Furthermore, the observation of the loading and unloading behaviour of the cohesive
model needs to be considered where the unloading, after the achievement of the undeformed
state, is fully successful (decreasing stress to zero and leading to the vanishing of separation).

Following the idea of the history parameter 8y, in the case of coupling mode formulation

(normal and tangential loading), we have

Svta = max{ \/ en(X)P+Bler ()1} wirhp = (0,), (4.22)

-~

5effective
where O, ffecrive Tefers to the effective opening displacement, B? = (G11/G;) is a measure
of the strain energy release rate ratio (Mode I and II) [Galvanetto and Aliabadi (2009)] and
Onax satisfies the Kuhn-Tucker condition

a6 a6
5Max — Ueffective > 07 81\/tlax > O; %(5Max - effective) =0 (423)

Thus, the tractions defined by the equation (4.20), are modified as follows

lu 6e ‘ective 6e ective 6e"ec ive
coh™ __ Oeffect tcoh( ffect gN(X)7 ffect gT(X))

= o N G | O (4.24)
lu ef fective ef fective ef fective ’
" = e i g ) et (),

5effective

where the openings gy (X),gr(X), are first scaled by a factor and then the associ-

M ax
ated tractions are computed [as shown in equation (4.24)]. Note that the associated stiffness
needs to be modified as well.

To demonstrate the use of the above traction separation relationships in the implementation

of the irreversible phenomena formulated for the coupled mode, we use the following equation

coh _ tjf,"h ,t%"h (Loading) if  8effective > 51{,,ax, [ istime increment

- (4.25)

t%ohl“,t]cph]” (Reloading /Unloading) otherwise

Using introduced methods for the calculation of the damage by Galvanetto and Aliabadi
(2009) and Lucchini (2013), the following two scalar quantities are defined (Vi, D
[0,1])

normal|tangential
i

S

1 B l[c\-/oh 8;oh lf g (X) > O and t}L\'/oh t[c\'/oh(srcl'oh)
promal . ) sn () i (e ) N av(x) T e (4.26)
i . .
D?f”"“l otherwise
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1— t%”h etcah lf t;oh t%"h (8,C"h )
Diangential — (X) lt%”h (gcoh) gr(X) geoh 4.27)
1 t .
D iinlge" 1 otherwise;

where the damage parameter varies between zero (undamaged) and one (complete failure).

4.2.3 Mechanics of Classical Contact

In this section, the development of the friction-less classical contact problem is based on the
original work by Laursen (2003). The definition of the sliding interfaces (so called master
and slave surfaces), as shown in Figure (4.4); in other words, the mathematical formulation of
the classical (sliding) contact boundary condition in a form of contact integral defined on two

deformable bodies is given by:

OWeiassicalcontact (l/lt,SV) = /tg-avsdrs‘l‘/tén-avmdrm

FS l—‘ﬂ'l
—t3=t" Newton's second law
~ / £5.(8v; — Svy)dT (4.28)
I
(il’l compact form) 5Wclassicalcontact (Wta 6g) = fl"s tN~6gNdF (429)

(Cs, Ty, arethe contact boundaries),

where 0W_assicatcontact (W', 0g) corresponds to the virtual work of the sliding contact (friction-
less) of two different bodies which are in contact with each other. y’ is the unknown in the

problem which will be solved for all ¢ € time such that,

X isa point inre ferencedescription

V! (X) = xisa point inspatial description

ty,0v(0g) are the contact pressure and the (virtual) weighting function (virtual gap func-
tion 8g) defined as the following.
The contact pressure #y is formulated as the following expression:

(tn.v =t)[tn = Av + engn), (4.30)
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INe Neumann boundary

u Dirichlet boundary

Tn

b

------

gap(X.Y)

Figure 4.4: a) Contact problem of two bodies Q,Q,, with boundaries, b) Kuhn-Tucker conditions
(contact inequality constraints)

where €y,Ay are the penalty factor and Lagrange multiplier (enable exact representation of
contact constrains) and #.(z5,"") correspond to the contact traction.

gn (as shown in Figure 4.5), is the contact normal gap function defined as scalar product
of master normal vector v with the closest point (projection onto master surface). It measures
the (normal) distance between a given point X € I'y on the slave reference contact surface and
Y (X) € I, the closest point to X on the master contact surface, expressed as

en(X,Y (X)) = —v{y(Xi) — ym(Y (X))}, (4.31)

where W, (Y (X)) = i (inf |y (X;) — W(X)||x jer, xieT)-
To calculate the linearisation (354 f(¢) := L f(@+€89) |e—0) of gy we could refer dir-
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Figure 4.5: 3D illustration of the normal gap functions

ectly to the equation (4.31) and compute dgy

Sen(X,Y (X)) = 8[—v{ys(Xi) —ym(Y (X)) }] = —v{8ys(X;) — Sy (Y (X))} (4.32)

The contact condition optimised with inequality constraints: the Kuhn-Tucker conditions
[as shown in Figure 4.4 b)]

in(A,8) 20

VX € T, Ty suchthat, < gn(X,¥(X)) < (4.33)

)S0
tN(Aag)gN(Xv (X)) :O>

where 1y (A, g) = 0 implies that the contact interactions are all compressive, gy (X,Y (X)) <
0 refers to the impenetrability condition and #y (A, g)gn(X,Y (X)) = 0 is the condition requir-
ing the development of the contact stress only under certain condition namely, gy (X,Y (X)) =
0 (for example if gy (X, ¥ (X)) > 0 it requires that 7y (4, g) > 0.

At this point it is worth mentioning that the impenetrability condition [as shown in Figure
4.4 b)] cannot be perfectly represented because of some limited penalty value €y (e.g. obtained
by setting Ay = 0)

ANZO gN—>0

IN=Ay+ENgnT= €N = N = EN — oo, (4.34)
8N

which is practically impossible in this case having a penalty value.

Due to the fact that the most popular algorithms for the solution of non-linear discrete
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Figure 4.6: 3D illustration of the tangential gap functions

equations are based on the Newton-Raphson method, where the algorithm requires the linear-
ised problem, we will next focus on linearisation of the contact integral.

The directional derivative in the direction of the incremental (displacement or velocity)
field A := Dy, f(u) = % f(u+epu) |¢—o [linearisation] of the equation (4.29) is given by the
following equation

A6VVclassicalcom‘act (Wt,ag) :A/tN-SgNdF: /AtN~6gNdr+/tN~A5gNdFa (435)
Iy Iy I
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where

d < gy >

5 Agn = enH(gn)Agn, (4.36)
8N

Aty = A(Ay + engn) = EnA(gn) = &n
where Agy = —V.{Ay,(X;) — Ay, (Y (X))} and < ... >is the Macaulay brackets ( < x >=
x ifx>0 ) o ) I ifx>0
) and H(...) is the Heaviside function (H (x) = :
0 ifx<O 0 ifx<0
Where also the quantity Adgy is formulated in Appendix A (part 1).
The next step is the discretisation of the equation (4.29), the contact integral and the equa-
tion (4.35), the contact stiffness, expressed as the following equations.

Discretisation of the contact Integral:

Ngel  Mint

OWelassicalcontact (Wha 6gh> ~ {Z ij(nk)tl}\l/(nk)ggh(nk)}a (4.37)
e=1 k=1

where l[/h, o gh are the finite dimensional counterparts of y, 8g, n,; is the number of sur-

face elements (i.e., the slave surface elements), n;, is the number of integration points, Wy

h
is the quadrature weight corresponding to local quadrature points k and j(1;) =|| % X
9x" () is the Jacobian of the transformation at each point 1y.
a)gnﬁ p r’
The equation (4.37) can be also expressed as follows
Ngel  Mint
6Wclassicalcontact (Whu agh) ~ Z { Z Wk](nk)5q)2flf}, (438)
e=1 k=1
— Cs(l) -
c?
where 6P¢ = . , J¢ = tyN are the vector of nodal variations (slave and master
2)
L “mnode

nodes) and the local contact force vector corresponding to local quadrature points .The mnode
refers to the number of nodes per element on the master surface (e.g. for a quadrilateral surface

element we have mnode =4 )

<

—Ni (Y (X))v
Where N refers to the vectors N =

i _Nmnode (Y(X))V
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And the discretization of the contact Stiffness:

Ngel  Nint
D Wetasscatcomacr (W',88") = YA Y. W (1) [t ()88 (16) + e (M) 588" (i)} =
e=1 k=1
Ngel  Mint
DAY Wi (i) 805 ki AL (4.39)
e=1 k=1
- Ad‘g] ) -
2
AdP
where AP = . , ki, are the vector of local nodal values and the global contact
@
Admnode .

stiffness is defined in Appendix B.

4.2.4 Mechanics of Modified Contact

With a definition of the classical contact mechanics in hand, the treatment of the modified
contact mechanics within this section takes the place, where the modification of the existing
contact definition, generally speaking, is based on the modification of the classical contact
inequality constraints: the Kuhn-Tucker conditions [equation (4.33), as shown in Figure 4.4
b)].

Before we proceed to the development of the modified contact mechanics, we need to
define the tangential gap function g7 (X,Y (X)), as shown in Figure (4.6), that measures the
(tangential) distance between a given point X € I' El) on the slave reference contact surface and

Y(X) e ng), the closest point to X on the master contact surface, expressed as

er(X,Y(X)) =map(y, —¥y)  ve{a,B}

g% = :‘H —&X (shorthand notation),

(4.40)

where o, B = 1,...,d — 1 with d for the dimension in the problem, Mg 1s the metric tensor

(mgp = Ta.Tp, T = m“ﬁrﬁ, Ta =YY (X))a= %Z(X)), 7%, 74 the contra and co variant

base vectors) and y; — y;p are the component (current and previous) of the closest point. £&*

is the isoparametric coordinate of the projected slave node onto the master element.
The relative tangential motion x;(X) of a given point X € FEI) on the slave surface to the

closest point to X on the master contact surface can also be expressed as

2(X)=x(X) —x(Y (X)) = [(x(X) = x (Y (X)))-v]v
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Separation
gn=-3.(6(X)-¢(Y))<0

Penetration Sliding
gn=-9.(6(X)-6(Y))>0 gn=-3.(¢(X)-¢(Y))=0

Figure 4.7: Tllustration of the contact tractions with respect to gap functions

Keeping this in mind, the tangential contact traction can be formulated as: tty.’ﬂ’ =t, with
1y as tangential contact nodal pressure and 7¥as contra variant base.

Recall the equation (4.20) where thOh , tﬁgh the normal and tangential cohesive tractions have
been calculated based on mixed mode cohesive law and using the definition of the normal and

tangential gap functions, the modified contact integral, defined on two bodies, can be shown

as
Jr GeGic|Grie|Griic)dT (totalworko f separation)
h hsza
6Wmodifiedcontact (IVI7 5g) = /INSng + /tlflo Sgdr—‘f_ /IYC"Z 65 dr ’
L I L
—— h ~~ d
[classicalcontact|gn (X )>0 [contactcohesiveinteraction|gy (X )<0

(4.41)
where G.[Gj. | Gyj] are the fracture energy (mode I, mode II) per unit area due to the
creation of the new crack surface, dg is the variation of the normal gap function defined by the
equation (4.32) and & the variation of the tangential gap function is given by the following
determination:
Due to the fact that,

(%) (P DT @4
g ——

closest point pro jection .
pomtproj tangentbasisvector
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@ Tgap(X 1)

T

Figure 4.8: Modified-Classical Contact Mechanics combined structure

after taking the directional derivative of the equation (4.42) and some algebra we get

Aap 88 = [3Y5(X) = 8y (P (X))].7o — gr[ 15 ==, (4.43)

where Agg = mgpg + gnKap, Kap = V-Wn(Y (X)) op is the curvature of the surface at

Yn(Y (X)).
Recall additionally the discrete function p(Y) defined by the equation (4.10), the classical-

modified contact integral (4.41), in a compact form, is given by the following expression

6Wm0difiedconzacl (‘I/taég) = /p(Y)-agTdra (444)
Iy

where gy = [0gn | 0gr = 6E7].
The linearisation of the equation (4.41) is given by the following equation

A6VVmodifiedcontact (V’I76g) = A/l‘N(Sng—I—A/tﬁ0h5gdr+ﬂ/t§§h6§adr:
Iy I Iy

/ (AinSg+inA8g)dT+ / (A S g+ 15" A8 g)dT + / (AESES + SN ASE)dT =
FS Fs FS
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/ (AinSg+inASg)dT + /
I

J

equation(3.25)

acoh acah
JUSE tgn+ S ) 6% + 15 ASE“T

8gN 3

N

where the quantities Adg, ASE* are given in Appendix A. At

AgT)Sg-l— 15" A8 g)]dT+

(4.45)

coh At%h are defined as

follows
( 2 sN(X)
(e7 (X)) (1—( gn(X)
d coh ( co. ) ErC;Oh — ( (Ai‘o ))
e Dy = {ee @ () + (G (e S Agw
2
atcoh X (lf(gl\i‘gx) )) -2 X ( (ggy;s) )
g Ogr = (e (G e AT (T e @ gy
erx)?, -,
8lwh X 7( scoh ) SrCLOh
oo ) oty = {2y bt (S e T (et +
N|T -— gN(X)
X — 7( Co
(1+ 290 (=h) e i) Agu
(g7 (X))
ocoh 7(81\25){)) —( (ef‘)h)z )
ghr-Oer = {2y Seaer. (14 G e AT () +
(g7 (X))
X)\ ,—2gr(X Clegomz)
(L) (Temah)e @ P Agr,
(4.46)
in matrix form
e oreh
Agn
N — 8gN agr 4.4
WIT [a_ N (347
dgy  dgr
where [setting A for 8|
( —
Agn = —vAAY(X) — Ay, (Y (X))}
Ag%:Amaﬁ(gnﬂ én) Amcxﬁ(énﬂ §">+m ﬁA(én —5,?):

[((78

Ady, (Y
(7“0

XIVJ(EP, | — &P+ map ™ (Ays(X) — Ay(7 (X))

az n’l_ a ’n_ a m_
E (P A ) gl 20+ 522570

(4.48)
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The discretisation of the equation (4.41), the modified contact integral, is given by the

following expression

Ngel  Nint

5Wm0difiedcontact (Wh7 6gh> ~ Z{Z ij(nk)[t]}\l/(nk)(sgh(nk)_i_
e=1 k=1

h h h Ngel  Nint )
" () 88" () + 152 (M) SEX ()]} = Y AY, Wi () 8L/}, (449)
e=1 k=1
— Cé(“l) —
c?
where 6®° = . L fE=tWN+ "N 157" Dy +15°"Dpg are the vector of nodal
—— @ B
. tCOhN-‘rtCOhN
c® e
L “mnode

variations(slave and master nodes) and the local contact force vector corresponding to local
quadrature points .

Where D1, D> (D¢, Dg) and N have been defined in Appendix B.

The discretisation of the equation (4.45), the modified contact stiffness, can be written as

the following expression

Ngel  Mint

A5‘/Vmodifiedcomfact (Whu 6gh> ~ Z { Z Wk](nk)[(Atl}\l](nk)Sgh(nk) +t1}\l/(nk>A5gh(nk))+
e=1 k=1

atcohh &tcohh
(5 () m0) + %5 ). g ) 86" () + 157 () A3 () +

cohl cohl i 5 b
(50D 1)+ 500 2600867 () + 527 () A8 ()]} =

Ngel  Nint

Y Y Wiji(mi) 85k ADY, (4.50)
e=1 k=1
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— Adg l ) -—
Ad?
where AP = ) , k€= ky + k]‘{}’hc + t%zhAO‘ﬁ kCTZhC + kCTOhC are the vector of local
2)
Admnode _

nodal values and the global contact stiffness have been also defined in Appendix B.

4.2.5 Friction mechanics

The definition of the friction mechanics in this section [without taking into account the role
of thermodynamics in the treatment of the (thermodynamically coupled) frictional problem
(which is the subject of the next section)], is too close to the original works Laursen (2003)
on which the development of the frictional modelling framework is based on the Coulomb
friction law. The difference between the definition here and the original definition [Laursen
(2003)], is the various definitions of the friction traction based on the modified version of
contact (various definitions of the contact normal traction), where there are two cases of the
problem which need to be dealt with, namely the contact normal traction definition due to
the classical contact part of the modified contact and due to the cohesive fracture part of the
modified contact.
The frictional contact integral defined between surfaces (master and slave) is given by

SWiriction (W', 88) = / b7, SEXT, 4.51)
Iy

where 17, 1s the frictional traction calculated based upon the following determination

Tt =i +ermap(ED —ED) if | T ||~ < 0 (stick)

1
= s (4.52)
o n+1 11 . .
N HT;’O‘C“ H otherwise (slip),
where €7 the friction penalty value (is different from normal penalty value &y), Tﬁ* 1 |=

(7, m®P tTﬁ]%, u the friction coefficient, m*? defined in previous section, & * the variation of
the tangential gap function is given by the equation (4.43).
Note that, in this study, the frictional modelling framework, based on Coulomb friction

law, relates the frictional traction to the single-valued tangential displacement defined by:

=0 [l < pry . ” -
gr = Ytr with , where using additionally the friction penalty value

v20 |l ll=puy
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Figure 4.9: The unregularized and regularized Coulomb friction law

er removes this effect but, as before, the perfect representation of the Coulomb friction law
can be achieved only when €7 — oo.

While this presentation is convenient for the classical frictional sliding contact formula-
tion, in the case of the consideration of the cohesive force (combined classical and modi-
fied contact), to be able to use this method, we recall the discrete functions I'(u, &7, €%, gn)
defined by the equation (4.9) and rewrite the equation (4.51) as the following

6Wpriion (W',3¢) = [ T(k.er. &5, gn)tr, SEdT. (4.53)

I
where, in the case of penetration (gy > 0), the friction formulation is based on the classical
frictional contact and otherwise (gy < 0), computation of friction formulated under cohesive
interaction. Note that the contact vector for tangential traction will be calculated only if both
the friction coefficient and friction penalty factor are non-zero. Also note that the quantity

tn+1 > 0
t]'\l,+1 in equation (4.52) must be replaced with ZZ +1(coh) N .
ty gn <0

The linearisation of the equation (4.53) is given by the following equation

AanriCtiO”l (W?ag) - F(nu"gTa8£0h7gN){A/tTa55adr} =
I

Fluer, e, g){ [ (D7, 86% +1r, A(36))ar), .54
I



4.2 Constitutive models 70

where

(AT = o1 {mgp AP + (0 (F(X)) g + 07 (X)) pyota) AET+
AP V(X)) 0 tp + 297 (T (X)) g7 (2 —EPYY  (stick)

) evH(g)Dg gy >0 AT il gn>0
Atfh gy=0 7 v gy =0
2 @ o 5 T gy >0 :
upr [De " (Y (X)) g+ 207 (Y (X)) gy ASIPTPTL § it eon (stip).
Iy gn <0
(4.55)

n+1 0 o
where pr, = Tﬂ‘il and 55 = #h
177l 1 a=8

quantities ASE¥ is given in Appendix A.
The discretisation of the equation (4.53) can be written as the following expression

stands for the Kronecker delta and where the

Ngel  Mint

. h
6Wfricti0n (Whv 6gh> =~ F(,Ll, €r, ngzOhvgN) Z { Z Wk](nk)t;l}x (nk)5§ ¢ (nk)}a
e=1 k=1
Ngel  Nint
=T(u, e, en) Y Y Wei () 595 ¢}, (4.56)
e=1 k=1
— Cé(l) —
c?
where 0P = ) , f¢=tr, Do+ tTﬂDﬁ are the vector of nodal variations (slave
@
| Cmnode _

and master nodes) and the local contact force vector corresponding to local quadrature points

and Dq, Dg have been defined in Appendix B.
The discretisation of the equation (4.54) can be written as the following expression

Ngel  Mint

DSWyricion (¥",88" ) = Dln,er, e, en) YA Y. Wi (Mot (m)SE (m)+
e=1 k=1
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Ngel  Nint

h .
1, (M) ASEX (M)} =T(u,er, 85" .gn) Y ALY Wej(nie) 55 k{ AP}, (4.57)
e=1 k=1
[ Ad) ]
Ad?
where AP° = , k=K T+ 17, AP kCTﬁ are the vector of local nodal values
@)
Admnode .

and the global contact stiffness have been defined in Appendix B.

4.2.6 Thermodynamics of Contact Interfaces

In this section, focus is on the mathematical-mechanical formulation of the thermodynamics
of the contact interfaces for the treatment of two body thermomechanical frictional contact
problem (thermodynamically coupled frictional problem), and as mentioned in the previous
section, here again the formulation is based on the original works by Laursen (2003) and the
modified version of contact.

The formulation begins with the definitions: heat fluxes (assumed to be positive if the heat
flow out of the contacting body into the interface region and zero in the case of the out of
contact), the entropy evolution on the contact interfaces and the mechanical dissipation.

The constitutive relation of heat fluxes across the contact interfaces, based on FourierOs

law which relates the local heat flux to the temperature gradient, can be shown as:

L =HV®*  slaveinterface
e ="He f (4.58)
q' = H!"VO™ masterinterface,
where VO*, VO™ H! H]" temperature gradients and heat transfer coefficients(slave and
master interfaces).
The entropy evolution [ supposed to be positive all the time due to the thermodynamically
consistent formulation (of the problem)] is given by
C(T. — Tt
X, = M, (4.59)
Ty
where C,, T;., Ty are the heat capacity per unit surface, interface characteristic temperature and
reference temperature.

At this point, it is worth mentioning that the formulation of the heat fluxes across the



4.2 Constitutive models 72

contact interfaces (¢, q!'), depends on the normal pressure 7y , can be done by replacement
of the quantities H?, H" with tyh?, tyh™ and the quantityV® with (T*1”" — T,) in the equation
(4.58), where T“‘m[Ts ,T™] stands for the temperature of two bodies (which the master and
slave interfaces belong to) at the contact activation stage (contact approach time).

Using the definition of the frictional traction and the time derivative of tangential relat-
ive displacement (tangential relative velocity), one obtains the following expression for the

mechanical dissipation

frictionaltraction
Do = | W), EEa—E
wen = | S =g Rlm
~——

tangentialrelativevelocity

, (4.60)

where, in the case of non perfect sliding(gapy # 0), the tangential relative velocity term
a(g;") = 50‘ in the equation (4.60) should be calculated as follows:
After taking the material time derivative of the equation (4.42) and some algebra we get
9(¢%) 5 J
Aaﬁa—t :\[VS(X) —Km(Y(X))l.Ta—gV.[ o

relativematerialvelocity

1, (4.61)

where again Ayg = mgg + gnKap, Kap = V-Wn(Y (X)) op is the curvature of the surface at
V(Y (X)).
Also the thermal dissipation (due to the irreversible part of heat transfer development) can

be expressed as

(1T qr(T"-T)
TS Tm

Dthermal = (4~62)

The relation between free energy function ¥(gy, geTl‘”’ i T.) and the local energy balance

defined on the contact interfaces, based on the contact tractions, gaps, entropy, interface char-
acteristic temperature and the relative velocities, is given by

le(gN,ge%lastic, T.) _ deztofilrteﬂiinergy B dNCT. _dT, v ¥ dgn A Y dgeTlastic
dt dt dt © dt ¢ dgn di | dgeric  di
~— N

IN tr
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oW dTC dgN dg%lastic dgi#elastic S " d&c ch
— =t t t — T.——X 4.63
o dr N g T g T gy Tdetde —yTem Ty Re o (469)

—X,

where g7 = geTl““ ic 4 g’}”elm ic are the elastic and inelastic parts of tangential gap. Note that,

elastic

the free energy W(gn, 85", T..) is not depend on the inelastic slip.
After some algebra, the equation (4.63) leads to the following equation

d d inelastic dx
S i — gl gl = T, (4.64)

Combining the definition of the frictional stresses, the entropy evolution, the mechanical
dissipation, the equation (4.64) and the local energy balance on the contact interfaces, the heat

fluxes equation for the contact interfaces can be expressed as:

Cli — tNR(TS - Tm) + (Rl)Dmech + tN[(R?’)Ts - <R4)]

(4.65)
q" =tNR(T* —T™) + (R2)Dyeci + tn[(RS)T™ — (RO)],
where
(p I _ R. _ R.
R= rncemy - R = i R2 = g
R3=FR1;R4=FR1,R5=F|R2; R6 = F»R2;
CCTcsm

Iy contact pressure

/12, ! heattrans fer coef ficients

Using the above definitions and recalling the discrete functions I'(u, &7, £5°", gi), the ther-

modynamic integral defined between master and slave surfaces is given by:

5‘/Vthermodynamic (‘Vé»Tt7 6T) = F(uaeTyng,OhagN) /{qilaveaTS+qz1aster5TM}dl—~ =
Ty

T(w,er, ", gn) /{tNR(TS —T™)(8T5 — 8TM) — Do (R18TS + R26TM) +

[\ i

Vv Vv
Is conduction dissipation
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in[(R3TS +R4)8TS — (RSTM 4+ R6)STM] }dT, (4.67)

TV
heatsinks

where T3, 8TM are the (virtual) temperature variation of slave and master interfaces.

Note that, due to the contact inequality constraints, the Kuhn-Tucker conditions [equation
(4.33)], in the case of the out of contact ty = 0, the conduction, the heat sinks and the dissipa-
tion integral will tend to be zero, which will imply zero heat fluxes across the interfaces.

The linearisation of the equation (4.67) is given by the following equation

A6‘/Vthermodynamic (V/é?TtaST) = (‘Ll €r,§ 60h7gN /A{qSlaveBTS+Q?aSter5TM}dr:
I

(1, er, e gn) /{AtNR[(TS —T™)(8T5 — §TM)] + tnR[A(TS — T™)(8TS — §TM)]+
I

INR[(TS —T™)A(STS — 8TM)) — AD e (R18TS + R26TM) —

Decn ARISTS +R28TM) + Aty[(R3TS + R4)STS — (RSTM 4+ R6)STM] +

IN[A(R3TS +R4)STS — A(RSTM + R6)STM) VdTy, (4.68)

where

evyH(g)Ag gnv>0

Afﬁf’h gn <0

(X) - (X)) = AT (X) = AT™(Y (X)) = T"(Y (X)), a NE*

(5TS( )— (Y( ) = —8TY(Y (X))« DE*

AD pech = (A;Ta 20 117, 02 D sign(r, 257
A(R16TS+R26TM):—R25TM( (X)) a NE®
A(R3TS +R4)STS — A(RSTM 4+ R6)STM = AR3TSSTS — RS[ATMSTM +
([ TY (Y (X)),aDE*STM] — (RSTM — R6)STY (Y (X)), AE®

(4.69)
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The discretisation of the equation (4.67) can be written as the following expression

Ngel  Mint

6‘/Vtherm0dynamzc <V’h T" 6Th> (.u €r, & COhvgN Z{ZWkJ Nk [tN(nk> ( s(nk)_
e=1 k=1

T"™ (i) (8T (M) — ST (1)) — Dynecn (Mi) (RIST® (1) +R28T™ (ne) ) +tv (1) (R3T (i) +

Ngel  Mint
R4)ST® (i) — (RSTY (1) + RO)STY (i)} = T, er, 65" gn) Y { Y Wi (1) 5D frher},
e=1 k=1
(4.70)
where §&¢ = C((/,) C(Tl) -——= C((pzl) C(T21> —— C<(p2n)mode C(Tzn)mode |, fther are the

vector of nodal variations(slave and master nodes) and the thermal part of the local contact

force vector corresponding to local quadrature point k.

Where also .
" =15 (n ZN 4.71)
’ Rint
5T := 67°1" (n ZN ;™ 4.72)
Nint Nint
=y (n ZN )" (¢ = sy (n ZN : 4.73)

where T; ‘m( t), df‘m(t) are nodal values, N;(1) denotes a standard shape function and
flm, Cl.s‘m stand for the time independent nodal values of the associated variational fields.

The thermal part of the contact contribution to the residual can also be expressed as

fther® = —Rty(a.c)a+ Dyeenb +1ty[(R3(e.c) —R4)e — (R5(f.c) — RO)f], (4.74)
—_—— = ~~ d
conduction  dissipation heatsinks

where the temperature vectors a, b, ¢, e, f have been defined in Appendix B.
The discretisation of the equation (4.68) is given by
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Ngel  Nint

A3VVthermodynamic <ll/¢}*l: Tha 6Th> ~ F(‘u:gTvng;OhagN) Z{Z ij(nk)[AIN(nk)R((Ts(nk)_
e=1 k=1

T" (M) (8T° (M) — ST (1)) + 1w (MOR(A (T () — T (M) ) (T (1)

=8TY (1)) + v (M)R((T* (M) — T™ (M) A(8T (i) — ST (i) —

AD pecn(Mic) (RIST® (M) + R28T™ (M) — Diecn (M) A (RISTS (mye) + R28TY (1)) +

Aty (M) ((R3T5 () +R4)ST® () — (RSTY () + R6)STM () )+

ty (M) (A (R3T (1) +R4)ST® () — ARSTY (i) +R6)STY ()]} =

Ngel  Nint

T(u,er, e gn) Y Y Wij(ne) 85 kther{ AD(}, (4.75)
e=1 k=1

AdtV
AT

AdP
where A®° = | AT@ || kther® = k¢

conduction are the

c c c
+ kdissi pation + kheatsinks + kdirect

Agd?

(o
L ATmnode .
vector of local nodal values and the global contact stiffness have been defined in Appendix B.

4.2.7 Assembly

Next, we create a standard frame base assembly using the previously defined equations and
5w(e)

int ext
and the discretised linearised internal and external virtual work (linearised in the direction

(u,N,ﬁu,-),A](\fj,)ujSW,-m,gx,(u,NiSMi) the discretised internal and external virtual work
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Njuj-change in force at node i due to change in the current position of node j) over an indi-

vidual element e given by

SWat) o (u,Nidus) = | / Y 6.V Nido — / b.Nidg — / F.Nidyq,).8ui (4.76)
o k o) Q0
—_——— -
T E

AI(\?) 6‘/Vint,ext (u7Ni6ui) =

JHj

Z/[VN,‘5M,‘ : VNjuij+VM5ui Gy VNjuj]dQ, “4.77)
k
Q

/

~~

Sul (K +k2)u,
where
x(t) = X Ni(n, v, 13)xi(t)

Ni(71,72,73 | Y, local coordinate system)

= dfz(zt) = ?:1Ni(?’1772773)d25t) =Y1 Ni(n,n,B)vi

\5‘}: déjt(t) = ?lei(%?y%’}@)dSz;(t) = ?:1Ni(71>7’2;7’3)6vi

and

(1= YL N, )ui, Su=Y" | Ni(n, 7, 715)0u;
81=3 VYL Ni(n, . 13)0u; + VI Ni(n, 2, 13) Sui]
F=%—yr My N,y 5)Va+ 2 5 QVN(n, p, 1) = L xi Q@ VN;

X =Y N7, n )X n,number o f nodes,
(4.78)
which can also be written in terms of nodal equivalent forces 7;,F; | T; — F;— =R; :
SW/igz?ext(u,Nﬁu,-) = [Ti(e) _F;'(e) = Rl(e)]&li 4.79)

A](\fj?uj6“/int,ext(uaNi6ui) = 6uT(kéj(6) + klO{(E))uJ (4.80)

1
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So, the assembled equation for individual element e can be expressed as [with 5uiT,u j
replaced with B‘PiT,A‘P j-with additional temperature degree of freedom] (Equilibrium state
5WT0tal =0):

. T /,ij(e) ije) thermodynamic riction modi fiedcontact

i i dified
5\PIT[T1(£)) - F;(e) + ‘fthermodynamic + ffriction + f?‘i(?) Hiedeontact = Rz(E)]? (4'81)
and the assembled process for all nodes

Vn|n, nodesV j| j,i connected Veli, jce

T (,ij(e) ij(e) thermodynamic
' )y Y, {87 (k" ks ki +
i=1 j=1 e=1
friction modifiedcontact _ T (6 )
fytion 4 e AP = — 5T R}, (4.82)
or in simple notation
SWI.(k | k, the assembled stif fness matrix)A¥Y = —8¥T .(R), (4.83)

which can be solved with an iterative method such as Newton—Raphson method.

4.3 Convergence analysis

To provide the convergence analysis of the methods used to describe contact interactions,
in other words, to prove whether or not the previously defined methods (used to describe
modified contact mechanics), in general, facilitate the convergence of the described numer-
ical methods and what might be the rate of convergence, the methods of the so-called mortar
finite element analysis for contact mechanics Laursen (2003), variational inequality (based
on monotonicity, convexity and subdifferential)[Mircea and Andaluzia (2009)] and hemivari-
ational inequality (based on Clarke-subdifferential, locally Lipschitz function, convexity or/and
nonconvexity)[Han et al. (2014)] have been used to develop the convergence analyse of uni-
lateral contact problem, frictional contact problem and frictional-contact-cohesive problem
where the idea of the inf — sup conditions for the convergence analysis of the finite ele-
ment method over conforming/nonconforming domain using L2 energy norm or broken energy
norm has been taken into account.

Prior to the process of the development of the weak statement of the above mentioned
problems of the two body (', i = 1,2) contact problem, it is necessary to define the weighting
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space W' and solution space U’ given by:

vi={uie H'(Q) Q' 5 R¥ | ul = ul in 0Q, (4.84)
~—

Squareintegrable(derivative) functionsset

Wi={we H'(Q) Q'SR W =0indQ, y,  (4.85)
N——

Squareintegrable(derivative) functionsset

where H'(Q/) 3 refers to Hilbert space, the set of square integrate derivative functions on
Q' (set of all vector valued functions over ' whose values and first derivatives are square
integrable), dQ!, the (prescribed) Dirichlet boundary condition, u! time dependent unknown
displacements, w' time independent weighting functions, Q'denotes the closure of the open
set Q.

Using the above definitions, the weak statement of momentum balance of each of the
bodies in a general form can be shown as

Pld )= | [(o(ud) = C'e(u))Je(w])de + o piwi G2~
a(iw) ’
( /Q wifidQ' + /a o witidoQL + /a o witfdoQl) = 0, Yw' € W', (4.86)
. — .

where C'stands for a symmetrical forth order tensor, o(u!),€(w}), p'are the stress, strain
tensors and the density, f;,7;,¢; denote the body force, the traction for the points on the Neu-
mann boundary dQL and the contact traction.

For the sake of simplicity, the domains of interest (Q/, i = 1,2) are considered as linear
elastic domains where the inertial effects are not taken into account.

Detailed convergence analysis (Unilateral Contact problem, Frictional Contact problem

and Frictional-Contact-Cohesive problem) are contained in Appendix A (part 2).

o, .
3f0rkEN0 Hk(Q) = {V S LZ(Q)’ m ELZ(Q),‘ (04 |S k} witho = (OC[,OQ,...OCn) ,| (04 |=ZOC, S
No
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4.4 Implementation

The numerical implementation of the explained theories has been performed in the open source
code FEBio (Non-linear finite element solver for biomechanical applications)* by the modific-
ation of the existing contact algorithm in FEBio. Major changes in algorithms and definitions
which affect the contact conditions and enforce new conditions based on mixed mode co-
hesive law, have been proceeded by re-implementing the previously existing implementation
of Contact Forces and the Contact Stiffness (by redefinition of nodal contact traction and,
consequently, the variation of contact traction). Additionally, for solving the problem of the
frictional heating at the contact interface (thermodynamically coupled frictional contact), new
algorithms have been added to the existing one (to the existing contact interface implementa-
tion).

Based on the Mixed Mode cohesive law [which is itself dependent on the normal-tangential
gap functions, normal-tangential characteristic opening length, and the value of the maximum
normal-tangential tractions (maximum value of traction before propagation of cracks)], the
process of the redefinition and declaration of the contact tractions has been carried on the
existing algorithms of the nodal contact traction.

Then, the implementation of the contact nodal stiffness followed the same rule as before for
the nodal contact traction where the algorithm has been extended with an additional existing
control function, heavy-side function (HEAVY SIDE (x)((x) = lif x = Oand = 0 else).

To enforce the classical contact constraints [in the case of the physical requirement of
impenetrability and compressive interaction between (two) bodies], the existing contact al-
gorithms of the nodal contact traction which was originally defined based on the gap function,
penalty value and the Lagrange multiplier, has also been added to the new algorithms where,
due to the different value of gap function (gab <,>,= 0), different contact algorithms have
been performed [to enable the algorithm, in combination with the gap function, for independ-
ently switching between modified and classical contact, where in the case of gab > 0, the
algorithms of the existing classical contact formulation (original FEBio implementation) has
been performed and in the case of gab < 0, the modified contact algorithms has been pro-
ceeded (the criteria detailed in Appendix D)].

Because

Limga iy (y.ys) 320, gapr (xa,yn) oo Tn = 0, Tr = 0,
but we could just calculate

llmgapN (Xn,yn)—tolerance, gapr (Xn,yn
in words, for the reason that, the interface cohesive tractions are computed according to

)—>toleranceTn — 0,7 =0,

“Finite elements for biomechanics, http://febio.org/
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a exponential mixed mode law, dependent on the normal-tangential openings (gap functions),
the upper and lower limit of the normal and tangential openings gx, g7, from the numerical
point of view, must have been given prior to the analysis. Otherwise, the complete separation
(T,,, T; = 0) will not be achieved unless gy, gr — oo which is practically impossible. Therefore,
the implementation of the control algorithms must be considered.

Consequently, the control algorithms has been implemented in FEBio by using

Macauley bracket MBRACKET (x)((x) =xif x 2 0and = 0 else,

and calculating the value of the (normal and tangential)gap tolerance [the directional deriv-
ative of the traction functions in the direction of the normal-tangential gaps with respect to the
initial gaps]. Additionally, the definition of the criteria for out-of-contact has been modified.

The developed hierarchy of the Unit Tests (the fragment test of the individual units of
source code), in a special form (specification and test of the behaviour of the methods/functions
for the different range of values where the detected program bugs could depend on the in-
ternal/external library), determined the stability of the algorithms.

The modified and classical contact algorithms expressed in pseudo code is given in Ap-

pendix D.

4.5 Computational Models

To demonstrate the applicability of the above described numerical frameworks, a series of
computational models are generated and analysed using the (modified) finite element code
FEBio. The computational experiments are organized under three following sections. The
first section describes contact-cohesive problems that are related to Mode I crack — opening,
the second section presents the related problems to Mode II crack — opening, and the third
section demonstrates the study of the mechanism of (heating) temperature evaluation on the
frictional contact interfaces. Importantly, the set of all tests given here are three dimensional

calculations (employing hexahedral and quadrilateral elements).

4.5.1 Mode I opening

In order to represent potential application of the large deformation framework that has been
developed in this study, the primary test was a tear test where in order to investigate the
complete failure of the material that already contains a predefined fracture [two deformable
bodies (width: 10 mm, height: 20 mm, depth: 10 mm, element type regular linear hexa-
hedral, the parameters of the mesh nx = 20, ny = 10, nz = 10, x-ratio=1.1, y-ratio=1, z-

ratio=1), Mooney—Rivlin solid as a Hyperelastic material model with bulk modulus k = 0.48
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Figure 4.10: Very large deformation tear test using modified contact- Mooney—Rivlin solid
as a Hyperelastic material model with bulk modulus £ = 0.48 and Cy,C; = 1, interfacial nor-
mal/tangential strength 200 M Pa

and C1,(C; = 1, interfacial normal/tangential strength 200 M Pa, characteristic opening length
0.0001 mm, penalty 8000], equal and opposite forces are applied at both ends of the material, as
shown in Figure (4.10), where the three dimensional tear test problem [shown in Figure (4.10)
at three state of the system under analysis] combines the phenomena of nearly incompressible
non-linear material models in the large deformation (Mooney—Rivlin Hyperelastic material)
and contact-cohesive problem (modified contact). As can be seen, virtually the specimens go
very large deformation before tearing which demonstrates applicability and efficiency of the
proposed modified contact technique.

The secondary test intention was the double cantilever beam DCB test and double box test
where the (force) traction versus the displacement (Coupled Mode I opening) has been meas-
ured (Figure 4.11). Table (4.2) shows the mechanical properties of the double cantilever beam
and the two elastic boxes [Young modulus £ = 50GPa, Poisson’s ratio v = 0.48, Interfacial
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normal strength 2.5(MPa)].

As shown in Figure (4.11), an isotropic elastic DCB specimen (width: 20 mm, length:
125 mm, depth: 4 mm) with matching mesh elements (nodes: 3751, faces: 1400, elements:
3000), subjected to prescribe relative displacement in z = 0.0025 and —z = 0.0025 directions
at both ends of the objects, fixed/zero displacement-rotation boundary condition (constraint
all available degrees of freedom) and assigned with the modified contact (a prior placement
of cohesive zone at known path), based on the static structural mechanic analysis method,
has been implemented in a finite element scheme and the performance has been examined.
As can be seen in Figure (4.11), the modified contacts are not applied to entire master and
slave surfaces where just the intersect surfaces were active during analysis. The resulting
force-displacement (Mode I opening) curves are shown in Figure (4.11) [based on random
selected master or slave surface element nodes]. Figure (4.12) shows a class of irreversible
cohesive exponential law where the ability of the method (used in this study) is demonstrated
through the simulation of an isotropic elastic DCB specimen (same as the above: width: 20
mm, length: 125 mm, depth: 4 mm). The structure contains two types of loading and the
corresponding loading, unloading and reloading paths, as shown in Figure (4.12).

The third isotropic elastic double cantilever beam Mode I opening test [width 1=20 mm,
length b=125 mm, depth h=4 mm, structural mechanics analysis (quasi-static)] was carried
out, as shown in Figure (4.11), by attaching two rigid bodies to the free end of a cantilever
beam (width L=20 mm, length b=3.3 mm, depth h=1 mm) where each rigid body was subjec-
ted to applied force F.

The following mathematical formulations based on beam theory are generally used to de-
termine the relationships between the force F, the strain energy U, the crack opening length

and the critical strain energy release rate Kundu (2008):

dU, _Fddc F?dC _F* dC _
dyo. bddn  bdén b dén

F? 126n* 12F26n? G.Eb*h3
BB B =\ T (4.37)

where Oc,0n are the crack opening length at the free end and the crack length, G, =

GC —

dy;
daqr

by FC=6c = C= % and dyq,. = bon is the crack area/surface. Note that the function of

|F=F,,.., 1S the critical strain energy release rate, the coefficient C, the compliance, defined
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the deflection at any point of the beam’s x axis is given by

Fx?

1
y 6El(3 x) s0 /b/hy dA[dydz] 12bh , (4.88)

and consequently, for a fully developed crack length x = on, we will have

Fén® 4Fén®  dC  126n*

6 = = = =
“T3El T EbW®  dén  EbW3’

(4.89)

On the other hand, Kundu (2008), using the concept of J—integral (an integral expression
that was originally proposed by Rice (1968) which can be used to compute strain energy re-
lease rate - another way of calculating the potential energy release rate), introduced the follow-
ing relationships between the critical strain energy release rate G. = J., (critical) J—integral
and the crack tip opening displacement dc¢ [for the fixed force or fixed grip loading]

J=G=K(8c)® [J.=G. inlinearrangeofloaddisplacement curve 4.90)

J=G=K(dc), innonlinear range of load displacement curve

where K is a proportionality constant related to the fracture toughness, the Poisson’s ra-
tio, the Young’s modulus of the material, cohesive length and thickness of the DCB speci-
men. Note that, relating the J—integral to the strain energy release rate G in general is true,
under quasi-static conditions, and for linear elastic materials. The resulting (reaction) force-
displacement (Mode I opening) and the critical strain energy release rate J. = G, versus crack
tip opening displacement curves are shown in Figure (4.11) [based on random selected rigid
body element nodes and master or slave surface element nodes].

The next test was carried out on a double elastic box, where two isotropic elastic boxes
(width: 10 mm, height: 10 mm, depth: 10 mm), as shown in Figure (4.11), subjected to the
prescribed displacement, the fixed displacement and the modified contact, were analysed. The
force-displacement curve is shown in Figure (4.11) which is again based on random selected
master or slave surface element nodes.

To investigate more tests, a computational model of a three-point bend specimen ( L=100
mm, B=10 mm, W=20 mm), assigned with the modified contact and subjected to prescribe
displacement —z = 0.00155 directions and an initial cracks a (9 mm), as shown in Figure
(4.13), was analysed. The diagram of the specimen with all its dimensions is shown in Figure
(4.13) and the Table (4.2) shows the mechanical properties of the three-point bend specimen.

To calculate analytically the stress intensity factor Ky at failure of the specimen (plane

strain failure), the following mathematical formulation, presented by Kundu (2008), was used,
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Type of material \ Isotropic elastic \ Element types \ HEXS ‘
Density 1% Time steps 10—-100
Young modulus E = (50—-90)GPa Step size 0.1
Poisson’s ratio v=0.48 Max step 1-10
Interfacial normal/tangential strength (2—2.5)MPa Min step 0.1
Critical strain energy release rate(G.) | (28.3 —50)N/mm Max refs 1500
Optimal iterations 40 Max retries 25
Nonlinear solution method Full — Newton Disp. tolerance | 0.0001
Auto timestep-controller checked Energy tolerance | 0.001
Characteristic opening length 0.001 mm Gap tolerance 0

Table 4.2: Mechanical properties of the DCB and the boxes (coupled Mode I opening) and the
test conditions

where the conditions % <B< % and 0.45W <a <0.55W, a,B > 2.57nR (R is the plastic zone

size), were taken into account.

FFS a
— —), 491

where FF is the failure load (obtained by numerical or experimental procedure), S ~ 4W

Kp

and

1) =290

a
w

a
W

23 438.7(=
W W

[\ST%]

)= 46()3 4 21.8(-)3 —37.6( )2, (4.92)

which only covers the interval 0.45 < > < 0.55 [and consequently 2.28 < f(y;) < 3.15].

Alternatively, for the function f(i;) we have the following expression

f(ﬁ) _ 3\/%[1.99— () (1 =) (2.15 _?:'93% +2'7%)]’ (4.93)
w 2(142%)(1—%)2

which covers entire range of ;.

Furthermore, using the following mathematical relation [Hellan (1984)]

dU K} K} K2,
=—=0— —+(1 —= 4.94
G T ocE+an+(+v)E, (4.94)
where
1 or plane stress, 033 =0 E, Young's modulus
o forp 33 8 (4.95)

1 —v?>  forplanestrain, €33 =0 v, Poisson's ratio
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Type of material Isotropic elastic \ Element types \ HEXS ‘
Density 1:15’3 Time steps 10— 100
Young modulus E =50GPa Step size 0.1
Poisson’s ratio v=0.48 Max step 1-10
Interfacial normal/tangential strength (2—1.5)MPa Min step 0.1
Critical strain energy release rate(G,) | (28.3 —40)N/mm Max refs 3500
Optimal iterations 40 Max retries 50
Nonlinear solution method Full — Newton Disp. tolerance | 0.00001
Auto timestep-controller checked Energy tolerance | 0.0001
Characteristic opening length 0.001 mm Gap tolerance 0

Table 4.3: Mechanical properties of the DCB and the boxes (coupled Mode II, III openings)
and the test conditions

[which relates the strain energy release rate G to the stress intensity factor K; (where for
pure normal opening Kj; = Kji; = 0)], the strain energy release rate G of the specimen was
computed.’

The resulting (reaction) force-displacement curve of the numerical analysis of the three-
point bend specimen is plotted in Figure (4.13).

4.5.2 Mode II opening

The secondary test has been done with the same isotropic elastic DCB and the double box
models (Young modulus £ = 50GPa ,Poisson’s ratio v = 0.48 and same geometry as the
previous problems) to investigate and friction-less analysis of the coupled mode (II, III),
where the models were subjected to the prescribe displacement in different directions, fixed
displacement-rotation boundaries, Interfacial tangential strength (2 —2.5)M Pa, and the modi-
fied contact, as shown in Figure (4.14). The resulting (force) tangential traction- total displace-
ment (Mode ILIII openings) curves are shown in Figure (4.14) [based on randomly selected
master or slave surface element nodes]. All results are based on frictionless tests with different

mesh scenarios (confirming and non conforming mesh).

SThe stress intensity factor K at failure and the strain energy release rate G of the three-point bend specimen
in Figure (4.12):

@ =045, f(%)=2.28,E =90000(N /m?*),v=0.48, Inter facial normal /tangential strength = 1900(N /m*)
KF — LES (@) = Q0I5:42 4 9 98 — 0.484(N /mm? )
BW2

G=1 E‘ Kf = 4 ?0482 *(0.484) =2.003(N/mm)
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’ type of materials \ Young modulus \ Poisson’s ratio \ Interfacial normal/tangential strength ‘

| isotropic elastic | E=5.10MPa | v=048 | 1.2MPa |
Fric. coefficient | Fric. penalty | Ini. temp. Heat capacity Heat transfer coefficients
u=0.1 er=01 | Thy=0°C | C,=100m*/s’K | hi=h"=1.0WN 'K~!
Density Time steps | Step size | Disp. tolerance Energy tolerance
1% 10 0.1 0.001 0.01

Table 4.4: The test parameters for the frictional dissipation problem

4.5.3 Frictional heating

To study the mechanism of (heating) temperature evaluation on the (frictional) contact in-
terfaces (with cohesive forces), an elastic model (width: 10 mm, length: 10 mm, depth: 10
mm) which slides over a longer fixed block (width: 10 mm, length: 100 mm, depth: 10
mm), where the system and its finite element discretisation are shown in Figure (4.13), has
been modelled and analysed. The initial temperatures were the same at all nodes (0°C) and
the upper body was subjected to the prescribed displacement in x direction. The boundar-
ies, all except the contact boundary, were thermally insulated and all the frictional work was
supposed to be dissipated as heat. The parameters used for this test are given in Table (4.4)
[E =5.10MPa, ,v=0.48 ,u =0.1 & =0.1,C. = 100m?/s’K ,h{ = " = 1L.OWN~'K~!].
The plotted result, given in Figure (4.13), shows the temperature evaluation/map versus time
[based on random selected node on contact surfaces].

Note that the test analysis was based on the (quasi) static analysis method, where for a
dynamic analysis case, additionally, complex problems involving large (plastic) deformation,
coupled thermo-elasto-plastic response in bulk media, etc. can also be considered.

Aside from carefully chosen parameters (contact boundary parameters, the mesh density,
the material type, etc.), it has been highlighted that the solution can quickly diverge (if the
friction has been taken into account) and it could jump to an unexpected equilibrium point.

At this point it is worth adding that the tests of convergence have proceeded under consid-
eration of both the available non-linear iterative solution methods implemented in FEBio pack-
age, which are the Full Newton method and the Broyden—Fletcher—-Goldfarb—Shanno (BFGS)
method (the run-time and convergence are slightly different from Newton’s method). The res-
ults of the examination of the structural mechanic problems under consideration the modified
contact algorithms, show the difficulty of obtaining a converged FE solution when using the
BFGS method (which depends totally on the parameters such as maximum BFGS updates,
etc.) and also in some cases Newton’s method will not converge at all unless we choose, for

example, a high value for the maximum matrix reformations.
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4.6 Verification test (analytical)

In order to study in detail and understand the different types of contact interaction that have
been previously defined and which enable one to understand the behaviour of the complex
system under different contact configurations, in the following sections we provide certain
mathematical-computational formulations on each of the two different parts of the modified
contact configurations, namely the classical contact part and the cohesive fracture part. Addi-
tionally, frictional and thermodynamically coupled frictional contact problems will be taken
into account.

To make it possible, the first step in the analysis will be finding an analytical solution to the
compressive contact interaction problem, where using Hertzian Contact Theory will allow us
to be able to obtain an analytical solution for the classical contact part of the modified contact,
and then make a comparison between numerical and analytical solution models. Then, the
centre of interest will be the analytical predictions of the contact with cohesive force formu-
lation, by choosing a convenient method for the analytical expression of the interfacial stress
distribution, where, due to the complex non-linear formulation of the interfacial normal and
tangential stiffness, for reasons of simplicity the formulation will be based on the infinitesimal
change in the opening direction, which will allow us to have a linear relationship between
(normal, tangential) stress and the opening. Then, after finding a general solution to the prob-
lem using integral theorem, we will find a general formula, which will be used later to make a

comparison between the numerical and analytical solution methods.

4.6.1 Elastic contact between a sphere and a half space

The original aspect of this test was the systematic analytical study of the elastic contact
between a rigid sphere and a half space based on the long-established technical approaches.

Given a rigid sphere with radius R = 20mm (width: 20 mm, height: 20 mm, depth: 20
mm, element type hexahedral, properties parts=1, faces=4, edges=6, nodes=4), applied force
F (Prescribed Rigid constraint=-0.01), deformable body [an elastic half space, width: 100
mm, height: 100 mm, depth: 10 mm, element type hexahedral, properties parts=1, faces=6,
edges=12, nodes=8], subjected to fixed boundary condition, determine the relation between
applied force F' and the displacement of the contact surface area points (especially the dis-
placement at the centre and the boundary of the circular contact area).

The modelling of the previously mentioned problem is shown in Figures (4.15) and (4.16).

[The displacement equations (at any point in the solid) under the influence of the force
F acting on the surface of the half-space and the stress equations (where the normal stress

component in the z-direction o, of the stress tensor ¢ is of the 'real’ interests in the analytical
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Figure 4.15: Contact between a sphere and a half space

Type of material (elastic half space) \ Isotropic elastic \ Element types \ HEXS ‘

Density (rigid body and elastic half space) 1% Time steps 10

Young modulus E =4000 Pa Step size 0.1

Poisson’s ratio v=0.35 Max step 1

Radius(rigid sphere) 20mm Min step 0.1
Augmented lagrangian checked Max refs 1500

Optimal iterations 25 Max retries 15
Nonlinear solution method Full —Newton | Disp. tolerance | 0.001

Auto timestep-controller checked Energy tolerance | 0.01

Penalty 100 Gap tolerance 0

Table 4.5: Mechanical properties of the rigid body and elastic half space and the test conditions

solution), have been described in Appendix C part(1)]
Due to Hertzian Contact Theory we have

1

2\ 2
p(r) = po (1 — r_z) (a) as significant dimension o f the contact area (4.96)
a

So, for all points along z-axis (in the case of coincidences of the principal axes with co-
ordinate axes), the o,, can be expressed as

AN _ 2 !
Oz = — Do <1+2—2> and  6,=—p(r)=—po (1_a_2>

and Gy = Oy = —po[(1+v) (1 - ﬁarctan(‘;f)) —3 (1 + Zé)_l]

Also, the relation between force F, distributed pressure p (exerted on a circle shaped area
due to applied force F), and the maximum pressure po(pressure in the middle of circular
contact surface), can be expressed as
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So, the resulting vertical displacement (the displacement of the points of the contact sur-
face area) is given by®

2 2
r—_ . Tpo 52 2y _ Tapo r 1 17 13
O—sp=u= Q0 —r)=—rC gy B TR D)
po
Tapg 2E*S 4E*a TpoR a R 5[5
5: = e ’2R: = f > = = — s e B
( 2E* Po na Tpo 4= DEs ) 5§ a P07 T VR

where Eq, Ey, vy, v, are known Young modulus and Poisson ratios.
Furthermore, the force F, in terms of §,R, E*, is given by

®In the case of distributed pressure p(x,y), the displacement is given: u, = # I [ p(x, y)”b‘—rdy with r =

VR TP
also ,
u,=06— ({Tl + 2’72) with Ry, R, principal radii of the curvature of the surface at the origin

) f%(az—rzsinz(x)da— po_ w(2a*—r?)
27 2E*a JO -

2E*a* 2
1 1 1 : _
T +E—2 with E; |E2 =

<

E\|E;
1—v%|v%

(plane strain modulus)
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Sometimes it is convenient to re-express the a, 8, pg in other forms, namely

po=53-F

2 3 1
npoR 27 T(527zF)R  3FR 3FR\3
“ T @=—% i) == ar (+:98)
()} N
a P OF 3
R N P L 4.
0 R 0 (16RE*2) (4.99)
a= () N
3 s 6FE*?\ 3
= gt = POZ(W) (+100)

To carry out the analysis of the theory explained above, by using the finite element method,
based on only one quarter of the rigid sphere axial section, a computational model as shown
in Figure (4.16) has been created and analysed (only one quarter due to stress intensity factors
which could lead to numerical instability). Mechanical properties of the rigid body and elastic
half space and the test conditions (the parameters used for this test) are given in Table (4.5).

The plotted numerical results, analytical versus numerical, as shown in Figure (4.17), are
based on applied force as a function of the displacement of the point (the node) placed in the
centre of the contact area and the stress distribution along the z-axis as a function of r.

The difficulty by the FEM analysis was first, the determination of the radius r, because
there is no formula, based on a given parameter, which could be used to determine the value
of r at any analysis step. Another difficulty was the fact that, unlike the analytical method, the
contact area in finite element analysis cannot be presumed to have a circular area with radius
a. Also, due to the occurrence of extreme local stresses, instead of applying concentrated load
on the top point of the sphere, uniformly and linearly increasing prescribed axial displacement
has been applied.
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Figure 4.17: a) The applied force F(N) versus the displacement & (mm)[analytical: E =
1000Pa, v = 0.25], b) Stress distribution along the axis of symmetryo,(Pa) at the contact area
versus circular area radius a(mm) (due to Hertz pressure)[analytical: E = 1000Pa, v = 0.3]

4.6.2 Frictional Contact-Cohesive problem between linear elastic bodies
(Two Boxes)

In this section, to verify the numerical finite element cohesive fracture model using modified
contact against an analytical cohesive model based on similar assumptions, using the analyt-
ical and applicable idea to cohesive modelling, established through the work of Lorenzis and
Zavarise (2009).

The major difference between this study and Lorenzis and Zavarise (2009) is that the
mode-I and mode-II cohesive laws used in Lorenzis and Zavarise (2009) are based on mixed
mode bilinear cohesive law for analytical analyses of the interfacial stresses (distributions of
the normal and shear tractions) where in opposite current study uses the mixed mode expo-
nential cohesive law (implemented in modified contact) and provides second order differential
equations for the stress distribution of interfacial normal and tangential stresses.

The analytical elastic contact (with cohesive force) problem combined with coulomb fric-
tion problem, defined at the interface between two (dis)similar elastic solids, and formulated
for two different classes of problems, namely mode I and mode II fracture, are developed as
follows.

Given two elastic bodies 1,€; (width: 10 mm, height: 10 mm, depth: 10 mm, hexa-
hedral elements, the parameters of the mesh nx = 1, ny = 1, nz = 1), as shown in Fig-
ure (4.18), pre-defined sliding contact interface between them where the Coulomb friction
with constant friction coefficient s = 0.3 acts at their interface, subjected to the boundaries

dQ.,dQ, [discontinuity and Dirichlet boundary conditions (applying different constraint to
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Qu prescribed boundary

Qu fixed boundary

Figure 4.18: [a) , b) normal opening (mode I)] , ¢) tangential opening (mode II)

x,y,z,Rx,Ry,Rz degree of freedoms)], Young’s modulus E;, E, = 5.10° (MPa) and the Pois-
son’s ratio vi,v, = 0.48, determine the relation between applied force F (for two different
classes of the problem, prescribed displacement=0.00048 ) and the displacement (opening).
Mechanical properties of the double boxes and the test conditions (the parameters used for the
tests) are given in Table (4.6).

First test case (normal opening)[see Figure (4.18 a, b)]:

The normal stress o, (at the interface), as a function of normal and tangential opening
On, 0; (due to mixed mode cohesive law formulation), in relation to the interfacial function

(interfacial normal stiffness K}, ), can be expressed as

96,(6,,6)
96,

inter facialnormalstif fness K, (8,,0;)

(80, ;) U} (x) — w = 5,](4.101)

=0(if fixeddisplacement)

where U2(x), U, (x) are the vertical components of the displacements respectively and the
non-linear normal stiffness K, is given by
(with &, = gn(X), , & = g7 (X))

G
(&% [ (

Ku(8,,8) = {I%e
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(1-(228)))

8,C,0h

—2gr (X) —( (g7 (X))?

X CO )
= ez ¢ "} Agr, (4.102)
t

(e (o)

[(

where the parameters 5%, €57 ¢ gn(X), g7(X) have been defined in previous sections.

Taking the first derivative of the stress o,(0,,d;) with respect to the x-axis of Cartesian,
we will get (due to the assumption that the opening is along z or x axis/direction, thus 9§, =
0z ] 0x -[see Figure 4.18 a), b)])

2 2(x "(x
2000 8) _ (KalOro) _ 700z ) 1))+ K 5, 89 2] - 2Ly
9201818 121y _ 3 ()] + K (80,8 eal) — 1 () (4.103)

dx?
Due to Hooke’s law for isotropic materials, the strainsg;(x),€;(x) (in terms of Young’s

modulus and Poisson’s ratio- &;; = %(G[ i — V[0 6ij — 0ij]), can be expressed as

Uy (x)

en=e)="—73= 2 (011 — V20 + 033)] (4.104)
U,
g =¢€(x)= c?Vx(X) = Eil [—011 — Vi(020 + 033)] (4.105)

So, after substitution, the stress function o, (J,, &) now shown as

86,, 67!76
% = Ku(8,6)(g; [011 = v2(022+033)] — 5 [011 — Vi(022 + 033)])+

0%26,(8,,8)

55U () = Uy (0] = 0u(8, 8)Kn(81, ) ([ + 7,1)+

0%26,(8,,8)

o2 [Uvz(x) - le (x)], (4.1006)

Kn(5n7 6t)((622 + 633)[% - [‘%]) +

1

where 61 = 6,(8,,0;) [see Figure (4.19)].
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Figure 4.19: Free body diagram

Finally, we will have a (partial) second order non-homogeneous differential equation

qo(x)y" (x) = ¥ (x) 4 po(x)y(x) = f(x), (4.107)

where
f(x) = —Kn(8,8)((022+ 033) [- — £)s qo(x) = [Uj (x) — U} (x)]

and po(x) = Ku(8 &) (175 + 41)).
and in special cases (E] = E;andv) = vy = f(x) = 0), we will get the corresponding

homogeneous equation which has the general (complementary) solution

[04(x) = 04(81, &) = y(x)] = *(C] sinpux+ Y/ cospx) (4.108)

Remark 4.1: ...
Note that the equation (4.108) is formulated based on the infinitesimal change in the open-
ing direction, and if we want to get a general formula, first, we take the derivative of the

equation (4.108) with respect to opening direction

00,(6,,6;) aeM(Clsin,ux + Cycosix)
026, N ox

= leh(Cl//sinux + Cé/cosux)—i—
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eM(C{/ucosux — [,LCé/sin,ux) = eM(C{sinux-i—Cécosux) (4.109)

Substituting the equation (4.109) into the equation (4.101) and integrating,

/ M (C{sin,ux + Cécos,ux)dx, (4.110)

by using the following integral formula

Ax
/elx(sinux)dx = ﬁ‘uz(lsin/ﬂc — pcosux)+C (4.111)
ekx
/e)tx(cos,ux)dx = m(usinux—f—lcos,ux) +C, (4.112)
finally, we get
0,(0,6) = e’lx(Clsinux-l—Cgcos,ux) (4.113)

Due to the fact that, 6,(0) = 0 = 0 = ¢%(Cysin(0) + Cacos(0) = C, = 0), and when
gn(X) = " we get the maximum allowed displacement (normal stress) before propagation
of cracks, namely 6, (x = £5°) = £{%* (pure normal opening g7 (X) = 0), therefore, 6,,(£5°") =

: h t
M — Csin(petohetre” — ) = —4 |
N 1 (ALL n ) 1 Sin('uggoh)elsh()h
Thus,

max

Gu(60,8) = Gn(x):elx(' N
sin(1¢e")

T ) sinlx 4.114)

The plotted graphical results, analytical versus numerical, are shown in Figure (4.20 a), which
demonstrate a very good agreement between the analytical and numerical models. Note that
the mathematical procedure for the determination of the quantities A, it is related to the fact

8(31)5)5) |- o (11mer) = 0 and the pre-defined upper limit of the normal (and tangential) openings.

Second test case (frictional tangential opening)[see Figure (4.18 c)]:
The (total) tangential stress o7 (as a function of normal and tangential opening J,, &;), is
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the result of tangential opening stress o;(6,, ;) and frictional stress 6y, which can be shown

as
d0; (6, 6,
or(5,.8) = 2D - Uk
! N
inter facialtangentialstif fness K; (8,,6) =0(if fixeddisplacement)
U2 _Ul
= 8+ oy = p7.00(8,8) (A =YD 3 20 U () £ 0(stip)]. (4115)

where U7 (x), U}, (x) are the horizontal components of the displacements respectively,its
friction coefficient, 67 = 0,(8,, &) = A¢+ &7 || (U7 (x) — U} (x)) || if stick and the non-linear

tangential stiffness K; is given by

(e7(X))? coh
gT(X) 7( coh ) € &n
Ki(8:,8) = {2,/ et o )e (&2 [(—850;1 )+

_ EN(X)
(1+g (X)>( 1) —( ecoh ]}AgN—k{Z\/Tet?“x(l%—gN(X))

h h h
86‘0 850 8}/6[‘0

2
oo, )

—(8)y e (&%)
&

gT(X) _ng(X) e_((gT(X))z)

(")
; I sf"h ( gtCOh )-( (etcoh)z ). 1} Agr, (4.116)

where again the parameters £, €5 " gy (X), g7 (X) have been defined in previous
sections.

Note that the tangential slip is collinear with frictional stress (exerted by the point p € dQ
(during sliding) on the opposing surface).

Taking the derivative of stress o7(8,,6;){0r = 0; + 0} with respect to tangential open-

ing direction [for more details see Appendix C part(2)] and applymg again Hooke’s law for

8201(8;1751) a GT(5F1761) 8

03 03 f L), we will get

isotropic materials, after substitution (

%07 (8,, 6 or (68,8
701008 1w ) 0] - TN 4 675, 8) K (5,8 [ + 4]+

-~

40(®) po(x)
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’ Type of material \ Isotropic elastic | Element types \ HEXS ‘
Density 1% Time steps 100
Young modulus E =5.10°MPa Step size 0.1
Poisson’s ratio v=0.48 Max step 10
Interfacial normal/tangential strength 200N /mm? Min step 0.1
Critical strain energy release rate(G,) 28.3N/mm Max refs 2500
Optimal iterations 60 Max retries 50
Nonlinear solution method Full —Newton | Disp. tolerance | 0.00001
Auto timestep-controller checked Energy tolerance | 0.0001
Characteristic opening length 0.001 mm Gap tolerance 0

Table 4.6: Mechanical properties of the double boxes and the test conditions

d’c Jo
{53 Uk (x) = U]+ 5 LK (80 8) (55 + £ + 1))
f(?)l
+Ki(0n,8) (02 +033)[g — ]} = 0 (4.117)

-~

f(x)2

f(x) Zaf(x)l + f(x)2, .
oy x v \X)
where —L = s {K,(8,, )| avx( L 5x< ]}

Finally, we will get a (partial) second order non-homogeneous differential equation

qo(x)y"(x) =¥ (x) + po(x)y(x) = f(x), (4.118)

with general solution

or(0n, &) = y(x)=y.(x)+7Y, (4.119)

where Y is any specific function that satisfies the non-homogeneous equation and y.(x) is

the corresponding complementary solution expressed as

yve(x) = elx(Clsin,ux—kCzcos,ux) (4.120)
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First, we break the non-homogeneous differential equation into 3 parts and solve them

separately (Y =Y+ Y2+ Y3)
(1

I go(x)y(x) — ¥ (%) + po(@)y(x) = SLUL () — URE)] = pr-Kn(8, &) 280 (At
2(1
2 U ()~ UR ()]

IT: o)y () — ¥/ (x) + po (x)y(x) = 5 o [Ki (80,6 (g; + 2 +1)]

IIL: go(x)y" (x) = (x) + po(x)y(x) = K (8, &) (022 + 033) [ — 2]

So, after some algebra, we will get

dos; 12(1+v2) | 2(1+vi) 171 2
p B8 &) S U+ AU () — Uj () @.121)

14 (K8, 8) %7 ([ + 1) WA () — U3 ()

1 1
(A 4+ A +1
Y, = 9}“(’512 Ell ) (4.122)
(i&+#])
02+ 033) [ — 2
- o 33)[1‘ £ (4.123)
(&+4)
Thus,
or(x) = or(8,,6)= elx(Clsinux—kCzcos,ux) +Y1+Hh+Y; (4.124)

Using boundary condition, we can determine the coefficients C;,C,. Due the fact that,
o7(0) =0 = 0 = €°(Cysin(0) +Cycos(0) + Y] +Y» + Y3 = C; = —(¥; +Y> + 13) and assum-
ing (€5 = g if £ = " = gn(X) = g;(X) (the maximum allowed normal and tangential
displacement before propagation of cracks), then, we will have o, (x = €5°") = e~ 1#119% &, (x =
gcoh) = 4e™ 2\/_ 7% and consequently the (total) tangential stress o7 has the value

or(x = € = £/ = ppe ™ +4e_2\/§t}”“x & (Csinpel® + —Y cospel) +Y =
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Figure 4.20: (a) Normal stress ©,(Pa) versus normal opening 9, (mm) (Numerical versus
Analytical), R = Yuumerical — Yanalyricar Versus normal opening )[Young’s modulus E(Pa) and
the Poisson’s ratio v], normal interfacial strength 7y = 200N /mmz, (b) The (total) tan-
gential stress or(Pa) versus tangential opening & (mm) (Numerical versus Analytical, R =
Youmerical — Yanatyricar VETSUS tangential opening){[Young’s modulus £ (Pa) and the Poisson’s

ratio v], normal and tangential interfacial strength #y/**, 7" =

200N /mm?}, (c) Energy norm

versus Iterations for one typical load step of the given problems [see Table (4.7)].
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coh
,ufe_ltﬁax +4e2 \/gﬁ’“x — Y 4 Yt cosuef”h

G
h . .
M sinpLecoh

(4.125)

Finally, after substitution of these coefficients Cy,C; into the general solution (4.124), the

stress o7 (Jy, O;) can be expressed as

coh
,ufe_ltj’\’}‘”C + 46_2\/%?‘” — Y +YerE cosuef"h

oh .
M sinpLefoh

or(x) = &M

sinux —Ycosux)+Y1+ Y, +Y3 (4.126)

The plotted graphical results, numerical versus analytical, is shown in Figure [4.20 b)],
moreover, as seen in Figure [4.20 c)], the graph of Energy norm versus Iterations for one
typical load step of the given problems [see Table (4.7)] demonstrates the quadratic rate of the
convergence within a Newton-Raphson equation solving strategy’ where if the current energy
norm drops below the required value (initial energy norm X energy tolerance ), the analysis
will consider the time step converged and move on to the next time step [see Algorithm (4.1)].

As can be seen in Figure [4.20 a) b)], the numerical method gives us approximate solution
and not exact solution, where in the case of normal opening numerical and analytical models
coincide and in the case of the tangential opening a good agreement is to be noted between
analytical results and the finite element computations.

Although the introduced numerical algorithmic approach could produce better numerical
results, but a simple calculation of the error in the above approximation using either ab-

solute error method (eups =|| Uexact — Uapproximation ||; Where Uexer is the exact solution and

| ‘ Uexact —Uapproximation ‘ | )
2

Uapproximation 18 the approximate solution), or relative error method (e, =

maximum errorX100%
value o f the measurement

the degree of accuracy-precision of the above introduced methods and determines that the

| ‘ Uexact ‘ |

reveals acceptable percentage error (= ) [less than 5%], which measures
methods can be accepted as reliable.

Nonetheless, this study suggests, to improve accuracy by 1%, the (coarse) simple mesh that
is used in this study (two elastic boxes each with one hexahedral element) can be appropriately
refined to a suitable finite element meshes (without changing the material property), where the
difference between the analytical solution and numerical solution can be directly influenced by

the number of mesh elements and geometry size, on the other hand, the above difference can

7All problems discussed in this PhD project exhibited quadratic rate of the convergence within Newton-
Raphson equation solving strategy
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Algorithm 4.1 Algorithm to solve the nonlinear FE equations

1: Beginning time step n
2: while not converged do
3: if Mmn < m V Nitn < [ then goto End
end if
Sconverge <~ true
Solve the equations for d/ TP T! to -
I: RSYdy ] = FliM(thia) + F (tnra)
Fech [drlt—i—oc] _Flher[drlz—i—a] - Fc[dzla—i—a]

int int

N>R

o ®

oI v o =v,+ h,/a’l”“ + (I =7)an)(tnra —tn)
i +R, —DIV(Q, )]
n+o

mechanicaldissipation
P n+a

10: VTl .=

- M[dZH—oc | a£z+a] - CdZH—oc -

tn+oc - tn)

e (mta)y ra)! g (nra)! | (el p(nt)!
T (e ((nta h”.ZGmHa (o hi_esnﬂx
11: V- Tncirgactl (Tncfgadl o Tncontact> — ol&ll f I+y Cglggtfég;k TN ]
12: L(s) a’ZHR(a’,llJrl + sAd) [perform a linesearch]
13: if | L(s) |> Tol | L(0) | VL(0)L(1) < O then
14: Iterate fors € (0,1],suchthat | L(s) |< Tol | L(0) |
15: else
16: s <— 1 [Update(geometry), Update(residual)]
17: end if

o REOD (gl g AQ)«REOD (d! 45 Ad)

18: if Relobal (g1 ) Relobal (g > R’ ARl > 0 then
19: Seomverge < false
20: end if sAd)s(sd)
. S *(S
21 if Ty e v d'" s d'' Ad'! > 0 then
22: Sconverse ¢ false
23: end if bl
i M e > B AE! > 0 then
25: scomverse _ falce
26: end if
27: if s < LineS‘Zﬁl A LineS'" > 0 then
28: Seomverge « false
29: end if
300 if s>; | ﬁfr:fglo;al l(d,i+1 +sAd) [>] Ad*R&P (gL ) | then
31: < false
32: end if
33 if SCOEe « false then
34: do
35: m < m+ 1 [ReformStiffness()]
36: if Mmn < m then
37: break
38: end if
39: end if
40: [+ 1+1

41: end while

42: if converged then

43: update the total displacements

44: n <— n+ 1 [move on to the next step]
45: end if
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| Tterations | Converg. norms | INITIAL |  CURRENT | REQUIRED |
| Energy [ |[7.086406¢ —007 || | 1.417000¢ —007 | | | 7.086406¢ — 009 |
I Displacement | | | 4.376051¢ —013 | | [ 2.387279¢ — 014 | | | 1.660441¢ — 019
Residual 1.702439¢ +000 | | | 1.246976¢ 4000 | | | 1.000000e — 015
Energy 7.086406¢ —007 | | | 4.278462¢ —009 | | [ 7.086406¢ — 009
2 Displacement | | | 4.376051¢ —013 | | [ 3.158365¢ — 013 | | | 1.660441¢ — 019
Residual 1.702439¢+000 | | | 7.549132¢ —005 | | | 1.000000¢ — 015
Energy 7.086406¢ —007 | | | 3.689671e—013 | | [ 7.086406¢ — 009
3 Displacement | | | 4.376051¢ —013 | | [ 2.533324¢ —017 | | | 1.660441¢ —019
Residual 1.702439¢ 4-000 | | | 6.568224¢ —009 | | | 1.000000e — 015
Energy 7.086406¢ — 007 | | | 4.218806¢ —017 | | [ 7.086406¢ — 009
4 Displacement | | [ 4.376051¢ —013 | | [ 4.087037¢ —021 | | [ 1.660441e —019
Residual 1.702439¢ 4-000 | | | 6.594945¢ —016 | | | 1.000000e — 015

Table 4.7: Energy, displacement and residual norms in a typical load step for the contact-
cohesive problem between linear elastic bodies (two boxes)

be also decreased by choosing real high value for the elastic modulus of the elastic materials

(with the same simple mesh).

4.6.3 Frictional heating and temperature evaluation on contact inter-
faces

As a final topic in this chapter, analytical methods for the analysis of the temperature evalu-
ation and heat fluxes through the frictional contact interfaces of two thermally insulated and
materially identical elastic bodies (also assuming equally heat transfer coefficients .1 = %2
and thermal conductivity x; = K, )[based on the methods presented in Laursen (2003), have
been developed and applied.

Given two elastic bodies Q1,€; [an elastic model (width: 10 mm, length: 10 mm, depth:
10 mm, hexahedral elements, the parameters of the mesh nx = 2, ny = 2, nz = 2) which slides
over a longer fixed block (width: 10 mm, length: 100 mm, depth: 10 mm, hexahedral ele-
ments, the parameters of the mesh nx = 20, ny = 10, nz = 10)], as shown in Figure (4.21), a
pre-defined sliding contact interface between them where Coulomb friction with constant fric-
tion coefficient p; acts at their interface, subjected to the boundaries dQ.,dQ, (discontinuity
and Dirichlet boundary conditions), Young’s modulus Eq,E> = 5. 107 (MPa) and the Poisson’s
ratios vy, vy = 0.48, initial temperatures 6;, 8, = 0°C, determine the contact temperature eval-
uation 7; (due to change of normal pressure) as time evaluated. Mechanical properties and the
test parameters of the sliding elastic block and the fixed elastic block are given in Table (4.8).
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prezcribed boundary

Cohe=zive zone

u fixed boundary

(el QcZ2 contact boundary

Figure 4.21: An sliding elastic block over longer fixed elastic block

To allow an exact approach, first, the general heat conduction formulation due to Four-
ier’s law which related the local heat flux Q to the temperature gradient VT using thermal
conductivity in the bodies k, given by

Q= —KVT, (4.127)

has been taken into account.

The formulation of heat flux across the contact interface g.1,g.» follows then the fact that
the time derivative of the surface density of internal energy is in one way dependent on the
contact of normal and tangential traction, relative normal and tangential velocities and heat
fluxes given by

aSe _ dev(X)  0gh(X)  dgh(x)
5~V g, +17.( 5 + o )+ g1 +4qc2, (4.128)

and in another way, it is related to the time derivative of surface entropy7, and free energy
Y expressed as
dSe  Jdy dgn(X)  dy dgi(X)  dy IT. I T,

o g ot ag ot oL o o ety (4.129)

Combining these two last equations and using the equation of entropy evolution

o Cc(Tc - TO)

c= ; 4.130
n T ( )
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’ type of materials \ Young modulus \ Poisson’s ratio \ Interfacial normal/tangential strength ‘

| isotropic elastic | E=5.10"MPa | v=048 | 1.8MPa |
Fric. param. Thermal cond. | Ini. temp. | Heat capacity | Heat transfer coefficients
L=0.1,6=0.1 | k=100N/sK | Ty=0°C | C. = 100m*/s’K | h{ = h" = 1.OWN 'K ~!
Density Time steps Step size | Disp. tolerance Energy tolerance
1% 10 0.1 0.001 0.01

Table 4.8: The test parameters of the sliding elastic block and the fixed elastic block

where C,, T, Ty are the heat capacity per unit surface, interface characteristic temperature and

reference temperature, one can obtain the following equation [under the assumption that the
. . . . . p

free energy is independent of inelastic slip g7 (X)]

. 9dg7(X) _ C(T) 9T,
AR S 4.131)
1I: g =Yatn(T1 = Tc),  qe2 = Yeotn(Ta — T),
where the thermal dissipation formulation
40T~ 1) | ga(=T) _ Yan(Ti =To)° | teotn(T2—Te)* 4.132)

T I T; fb)

has been used to formulate the second equation /7 [equation (4.131)].
Using the equations above, one can develop the following constitutive relationship for the

contact temperature evolution and the normal traction

KI(To1 — )+ 12(Te — 1) =2x(Te1 — 1) = ge1 + g2 = Yertn(T1 — Te1 )+

Yoot (T2 — Te1) = YertnTi + YeotNT2 — YertnTe1 — YeotnTe1 = YertnTi + YertnTa — 2Ye1tn Tea

_ YertnT1 + (2K—|— 'YcltN)TZ T, — %IINT2+(2K+’}/C-1IN)T1
2K+ 2y.1ty fe2 2K+ 291t

Due to the modified contact formulation (classical contact combined with the contact with

I (4.133)

cohesive force), the normal traction #y in the case of stick and slip takes two different values,
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Numerical versus Analytical
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Figure 4.22: Temperature’C versus displacement & (mm)[Young’s modulus E and the Pois-
son’s ratio v, Y1 = Y2 = LOWN'K~!, x = 100N /sK] and R = Yyumerical — Yanalytical VETSUS
displacement

namely

a0y ler (X))
( ( eﬁ”h )) ( (sf”h)z ) lng § 0

slip max (8 (X)

— tN = N ( ggoh )
ik = X, +engn(X) if gn >0,

Iy (4.134)

where the parameters 1%, €5 %" gn(X),g7(X), An, €y have been in earlier sections.

I x>0
Using abstract function @ (x) = ~, we can rewrite the equation (4.133) in the
0 x<0
following form
lip slip
Yeity TTi + (2K + Yty D) T
7, = (1 Tl 2 a(U2 ()~ U () +
2K+ 21ty

’}’CltﬁiCle + (21( + %1t1{;i0k)T2
2K+ 2yt

( )@ (U, (x) — U (x)), (4.135)

where for T,,, we can develop a similar expression and U?(x), U, (x), are the vertical com-
ponents of the displacements respectively.

The plotted graphical results, temperature-normal opening, numerical versus analytical,
are shown in Figure (4.22). As can be seen in Figure (4.22), the numerical method gives us
approximate solution and again not exact solution, where the observed difference between
analytical method and numerical method in temperature evaluation on the contact interfaces,
beside the assumption that all frictional work is dissipated as heat (which could influence

the results), is highly related to relatively coarse mesh in the finite element mesh [note that
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the difference could be also due to the boundary condition, the coefficient of friction and
material property but the key issues in this frictional contact problem are the (systematically
improvable) influence of the contact constrains and the frictional stress on the stick and slip
regions of the contact interface]. Nonetheless, the analytical result has good agreement with
the simulation result and the error of approximation we obtain with numerical solution is
acceptable.

Although there is a good agreement between the analytical results and finite elements cal-
culations, it is worth mentioning that verification process, analytical method versus numerical
method, have limitations in case of non-linear problem, specially in the study of the frictional
heating problem where additionally, some problems related to contact mechanics such as the
sensibility of the algorithm to impenetrability condition of the contact formulation, could make
the analysis and verification processes more difficult.

However, this study suggests, to improve accuracy, reducing element sizes (e.g. using
the finite element mesh that having different aspect ratios) in places where large deforma-
tions, elastic stresses or possible instabilities take place, making careful choice of the material
property and the friction coefficient, and using the concept of state variable and viscoplastic
regularization method for frictional model [Laursen (2003)], could allow for highly accurate
results, also (to get more degree of precision) more iterations with smaller time steps could

also have positive effect on the results.

4.7 Conclusion/Discussion

This chapter has shown that, with modified contact definition, the so-called discontinuities can
be modelled in different complex geometry and analysed in a sophisticated way. It has been
also been proved that the redefinition of contact mechanics in this way fulfils the condition
of the cohesive zone law and additionally supports the physical ideas and mathematical struc-
tures of the classical contact mechanics. The achieved results of the various tests and mod-
elling scenarios (e.g. models with different material types; namely, Compressible, Nearly-
Incompressible and In-compressible) also showed the ability of modified contact as well as
the potential accuracy and enhanced quality in solving large deformation fracture mechanics
problems.

In support of successful algorithms and programs and their constituents, the practical and
analytical test methods of classical contact, contact with cohesive forces, thermodynamically
coupled frictional problem were taken into account. The convergence analysis of the methods
was also provided. Three different classes of verification by examining the existing literature

on model validation [Lorenzis and Zavarise (2009), Laursen (2003)] have been considered
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namely: Elastic contact between a sphere and a half space, Frictional Contact-Cohesive prob-
lem between linear elastic bodies (two boxes) and Frictional heating and temperature evalu-
ation on contact interfaces. Comparison the proposed finite element algorithm for the above
mentioned problems with analytical data was made for all the analytical results obtained for
the various models and good agreement was to be noted in general. At this point it’s important
to add that although the introduced numerical algorithmic approach mainly could produce bet-
ter numerical results, but it has been highlighted to get more both quantitative and qualitative
fit with analytical data, beside the optimal choice for finite element analysis (FEA) paramet-
ers, the boundary condition, the coefficient of friction and material property, the reduction of
the non smoothness of the contact interactions (using smoothing techniques such as Gregory
patches) with the aim of making the numerical approach more robust, also improvement of
the result in terms of cohesive fracture formulation, and other factors such as (adaptive) mesh
refinement need to be considered.

One of the important observation in this research study was due to the classical contact
mechanics definition (contact constraint based on the Kuhn Tucker condition). On the one
hand, we assume it will have non zero surface tractions in zero separation, and on the other
hand, we assume the surface tractions are zero in the case of using cohesive interface. Thus,
using the classical contact and the cohesive interfaces simultaneously, defined at the same in-
terfaces [which are implemented in a wide range of previous studies for the analysis of the
fracture mechanics process Labanda ef al. (2015), Yang et al. (2001), etc.], could automat-
ically create an issue, which, in the case of using modified contact, can be easily overcome
(was overcome in this study) where in zero separation only contact surface cohesive interac-
tion is enforced (the classical contact constrains enforcement only in the case of positive gap
function gap > 0,gap # 0- non zero separation - in other words, in the case of the physical
requirement of impenetrability and compressive interaction between two bodies, enforcement
of the classical contact constrains).

Furthermore, the placement of cohesive zones can presenting a problem (the placement of
cohesive elements at any orientation independent of the finite element mesh), in other words,
due the fact that the interface elements are aligned with elements boundaries [taking the loc-
ation of the cohesive surfaces to coincide with element boundaries is problematic in several
respects Needleman (2014)], the orientation of cracks is restricted and limited which makes
the placement of cohesive interfaces between all continuum not completely mesh independ-
ent van der Zwaag (2007), where any not so careful (qualitative or quantitative) change or
re-positioning of the discrete cohesive elements, because of their dependence on factors such
as global deformation, could lead to unexpected results, therefore, to overcome this problem,

this study suggests, making use of the modified contact approach could be very helpful.
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There were several important issues (detected or not detected) on dealing with large de-
formation problems related to modified contact formulation which depends on the different
applications which, naturally, need to be considered.

Besides the convergence issue for large deformations because of several difficulties re-
lated to mesh distortions, an especially significant issue related to modified contact was the
geometry of the models where any wrong geometrical information (e.g. projection to surface
and gap function was extremely dependent on correct geometry) had a direct result on unsuc-
cessful termination of FEBio [the issue related to some existing software issue in PreView-
Finite Element (FE) preprocessor]. Another case of great significance was the right selection
of the (material, contact, etc.) parameters (parameters such as interfacial strength, charac-
teristic length, penalty factor, etc. which in general could also open the possibility for the
disadvantageous divergence from desired results).

Although it has been verified that the modification of contact formulation in this way has
no negative effect on the result, the non-linearity of fracture mechanical processes combined
with computational complexity conditions sometimes produces limitations in desired and suc-
cessful results. The future work of modified contact mechanics, besides fixing existing issues
(e.g. solving difficulties such as "negative Jacobian" , etc.), effective mesh refinement, and im-
provement of the accuracy of solutions by the finite-element method, would be the integration
of the idea and the definition of modified contact into so-called auto contact mechanic where
it will not be necessary to have a pre-defined contact area (master and slave contact surfaces)
prior to FE analysis.



Chapter 5

Mechanical description and engineering
analysis of cutting and needle insertion

5.1 Introduction

This chapter describes the development of a mathematical and computational model of cutting
of soft solids undergoing large deformations. This is a very complex problem which is not eas-
ily amenable to mathematical analysis. Firstly the basic mechanics of cutting and penetration
will be described, followed by the development of a mathematical analysis of the process. A
cohesive zone model was developed to simulate the process, with consideration of the effects
of large deformations on the process. This was then implemented in a novel way using a mod-
ified contact formulation in which the crack path must be defined in advance. Using a contact
formulation this is very easy to do in a finite element model. Finally, examples and validation
tests for the model will be presented.

There have been several studies of cutting and needle penetration of human skin. Groves
et al. (2012) studied the indentation and penetration of skin in order to design an optimised
micro-needle device for drug delivery. This completely depends on understanding human
skin biomechanics under large deformations. After doing a series of optimised laboratory
developed tests and using a much more precise model (considering the skin as a multilayer
composite) by applying the multilayer finite element model(the results of which show a re-
markable degree of success), Groves et al. (2012) argue that the problem with the precise
approach and optimum development of numerical-experimental procedure and modelling of
the very complex mechanical behaviour of human skin would require first the perfect under-
standing of the dependence and independence of parts or elements of the skin combined with
a mechanical description which could be used later for computational modelling.
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At this point it is worth mentioning that there were two main studies which helped in de-
veloping this project. The first was the study by Shergold and Fleck (2004) about the analysis
of the deep penetration of a soft solid by a flat-bottomed and by a sharp-tipped cylindrical
punch, using a one term Ogden strain energy function and considering the skin as an incom-
pressible hyperelastic, isotropic solid. The second one was the study Mahvash and Hayward
(2001) about the development of the haptic rendering of cutting with the clarification of the
geometry and the mechanism of the interaction of the tools and the sample.

There are also other studies [Buitrago et al. (2015), Bodhale et al. (2010)] which deal with
a wide range of additional developments of various theoretical and numerical formulations for
cutting and needle insertion by using the (traditional) finite element methods. Without being
affected by the complex nature of soft solid penetration, it is worth saying that the existing
literature unfortunately does not provide much insight into the underlying mechanisms of
penetration and cutting. Generally they indicate that deep penetration involves deformation
and cracks and in most cases without taking the existence of (sliding) friction into account.
Therefore, this chapterOs goal is to keep focused on what is of most importance, namely
the mathematical and physical clarification of the mechanisms of penetration and the cutting
processes, followed by the related algorithms and computational implementation of the theory.

5.2 Constitutive models

5.2.1 Mechanics of needle insertion

Several researchers have studied the force required to penetrate a solid and some of the con-
stitutive models have been developed for the penetration of a soft solid (e.g. flat bottomed
and sharp tipped punches). Unfortunately, none of these studies could establish a constitutive
model for the penetration of a soft solid, in particular needle insertion into human skin.

The constitutive model for needle insertion into a soft solid, described in detail in the
following, as shown in Figure (5.1), is based on the work done by external and internal forces,
where the external work is the sum of the work done by the indenter (needle) and the body
force, and the internal work is the work done in changing the strain energy that is stored in
the solid (the work done by the deformation before penetration and the potential energy stored
after expansion), the work done by creating cracks and the work done by friction.

To begin we introduce the following global variational statement (the total work)

oWr = OWp+oWp+oWe — W,y (5.1



5.2 Constitutive models 116

Figure 5.1: The Wt and 0W,, represent the external work dW,,, (work due to the body force
and the traction), and the notations W f, W d, We, W ¢ represent the internal work o W;,;

6WT = 5vvmt - 5Wext7 (52)
where
Wiy = OWc+ OWr+0Wp, (5.3)

where 6W¢, SWg, 0Wp are the work done by crack, friction and deformation, and

SW,y = / £.8vdv+ / 1 Svds, (5.4)
\% S

where 6W,,; ,6W;,, are (the sum of ) the external and the internal works, f,¢ are the body
force and the traction (of Qjngenrers Lso frsotia)» S = OV is the traction boundary and dv is the
velocity (an increment in velocity).

Briefly, with this technique, which relates the change of elastic energy in the soft solid to
the variation of the global stress field, we can describe (cutting) the needle insertion into a soft
solid as a process (irreversible work done by the fracture) which takes place when the stress
(needed to fracture) created by the indenter reaches a limit (the magnitude or intensity that
must be exceeded for a crack extension). Note that, in the case of equilibrium, the total work
OWr is zero.

5.2.1.1 Deformation before penetration (due to external and internal forces)

The recoverable part of the work done by the indenter, during the penetration process, can be
expressed in terms of the following work equation [which will be used later as the basis for
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Figure 5.2: Deformation before the penetration of the needle

the finite element discretisation]:
(Qsoftsolid =V)

SWp — / g—lg . DC[V|dV — / F.8vdv— / 1.8vds, (5.5)
\%4 \%4 S

which can be divided into two parts

SWs — / 3—2’ . DC[8v]aV (5.6)
\%4

SW,y = / £.8vdv+ / 1 Svds, (5.7)
\% S

where 0W,,, is the external work of the soft solid and W is the internal work done by
the stress of the solid, and ‘?%,DC [6v] are the derivatives of stored strain energy function or
elastic potential per unit undeformed volume with respect to the right Cauchy—Green tensor,
the directional derivative of the right Cauchy—Green tensor in the direction of an increment in
displacement (or velocity).

In general, if the soft solid material in our model is made from two or more constituent
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materials with (significantly) different physical properties (different material types), which are
in contact with each other (the different parts connected in various ways), the work equation
(5.5), by using the definition of the contact mechanics (defined in previous Chapter), takes the
following form:

IY;
aC

oWp (¥1,¥s,...,¥p;6v) = Z/
=1

i

. DC[V]AV — f( / f.8vdv+

~

t;.0vds) — 3 t,.0gdl, (5.8)
[ XY |

S J:Iab

where W,%¥,..., ¥, are the strain energy density functions of n different material types,
the first term in the right hand side corresponds to the sum of the work 6Ws for n bodies,
fi,t; are the body force and the traction of n different bodies, and the last term corresponds
to the total contact work of n bodies with m connection between n bodies where a and b
corresponds to two bodies which are connected with each other (surface connection between
any two bodies).

One important practical example of having different material type in our model is the case
study for modelling human skin, where we could need as many as eight different material
types in our model for eight different human skin layers (human skin, as described in Chapter
2, is composed of three primary layers: the epidermis, the dermis and the hypodermis (fat
layer) plus sub-layers, which together make up 8 layers in human skin).

Conveniently, the material models, chosen for a 5 layer epidermis, are a compressible
neo-Hookean material [recall the equations (2.7), (2.8), (2.9)]

u

) —uan+%(an)2, (5.9)

W
2

and the materials for 2 layers dermis, are Ogden Hyperelastic (This form of the Ogden strain-
energy is consistent with that used by FEBio for FEM analysis)

Lep(J—1)?
N 2 P
Y (A1, A, A3) = Z% AT+ A =3 —milnd) + U(J) [OgdenUnconstrained|
i=1 M
(5.10)

where A1,A,, A3 are the principal stretches and y; and m; are material parameters. The term

U (J) corresponds to the volumetric component and J is the determinant of the deformation
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Figure 5.3: Geometrical definition of the penetration process

gradient, and the hypodermis layer is modelled as a nearly-incompressible Mooney-Rivlin
material: 1
Y =c (I—3)+c (I/2—3)+§K(lnj)2, (5.11)

where c; and c; are the Mooney-Rivlin material coefficients, /7 and 17, are the invariants
of the deviatoric part of the right Cauchy-Green deformation tensor (C = FTF, where F =
[det(F)] IF , and F is the deformation gradient), and K is a material constant.

Thus, the equation (5.8), formulated for 8 different human skin layers, can be expressed
as:

1. DClSv]dV +

(. /
-~ . -~

E pidermis Dermis
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a\P n m
/a_ch :DC[6v]dV—Z(/ﬁ.Svdv+/ti.6vdS)—Z /ta.Sng (5.12)
Vi i=1 Vi 5, jzla’bSFC
Hypogermis 5‘/\1/;(, Cor;tracts

5.2.1.2 Work done by creating the cracks

For the sake of simplicity, by assuming friction-less contact interaction (or negligible frictional
contact interaction), the formulation of the work done by the injector needle (steel needle) for
the penetration of the soft solid, determined by a planar mode-I crack at the tip (sharp edge)
in a circular form, from initial to final step, where the soft solid tears and opens at the sharp
tip of the punch (opening of the crack by the advancing punch at different time steps), can be
divided into two parts.

The first part, as shown in Figure (5.3), involved the deformation during the period of time
preceding crack which will occur in a body before a crack is created by cutting, and the second
part is the fracture itself which is the creating of the crack and the displacement of the tool
which is assumed to be friction-less.

The following work equation describes the process of the total work done by creating the
cracks Shergold and Fleck (2004)

We = Werack +Wse —Wp,, (5.13)

where Wp, is the work done by the displacement of the tool, W4« is the non-reversible
work of fracture and Wyc is the strain energy stored due to deformation of the body.
The work done by the displacement of the tool is given by:

Wp, =F§8I (5.14)

2

in integral form

ly,
Wp, = /F5l, (5.15)
0

where F, 01, Ly, are the load, the axial displacement and the depth of different bodies in our
model.

To calculate the W, we use again the work equation (5.12) [in a compact form]
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)

(standard) cutting sha

Figure 5.4: Illustration of cutting shape

swsc(#) = [ %?:DC[Sv]dV—
Vi

(. 4
-~

internalstresseswork

includedinequation(4.12)

-~

_;(‘Zfiﬁvdv—l—/tiﬁvda)—' 1Zb/ta.5gdr—zz/t;.5gdr, (5.16)

S5V, j=labsr j=labsy

~.

¢

7/ - - -~

TV Vv vV
SWerr Contacts Contactsafterfracture

where the contact interactions at the punch tip and the body forces and the tractions are
included in the equation (5.12), but we still need to define new contact between the indenter
and the soft solid after cracks (due to the creation of new surfaces).

The non-reversible work done by fracture is related to the fracture toughness of the body
J.(¥;) and to the size of a crack extension of length 86 and depth 6!/ [see Figure (5.3)]

SWerar (¥;) = J.(W;)RSIS0, (5.17)

in integral form
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SWeraer (W) = 2 / / J.(W,)R8186, (5.18)

The reason for having « in the equation (5.18) is, in the case of non standard tools, the
total extended length of the crack. Unlike standard tools (by which the total extended crack
length is a half circle), these could be bigger or smaller than the standard length. Therefore,
they need to be taken into account [see Figure (5.4)].

Now we turn our attention to the special case of a complex situated in a cutting process
where the existence of the frictional contact interactions between the indenter and the soft
solid will be taken into account.

The work done by friction 0Wf,. of the size of a crack extension of length 660 and depth

0/ during the fracture process can be calculated as

Ztoly,

SWr, (¥) = 2 / / fop. o (R+1)5156 (5.19)
——
0 0 ch(lPi)

where iy, the friction coefficient of different materials, 7, contact pressure, and Fy, (W))is
the friction traction.
Thus, the total work done by creating the cracks is given by
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Figure 5.6: Needle head functionality (Expansion versus Cutting)

Traly, m
SWe — 2 // (P )R6169—|—/— DC[v|dV — ZZ/ .8 gdT—
0 0 ]zla,b6 I,
”ial\y
/Faz—z//Fﬂ (R+7r)5156, (5.20)

5.2.1.3 Work done by the friction force

Now we consider the frictional work done by advancing the punch (by the displacement of the
rest of the tool), as shown in Figure (5.7), which is the result of the negative work of kinetic

friction, in the opposite direction to the motion, given by:

Ly,
SWr (¥;) = / Iy, T 2TRSI (5.21)

0 Fr(w)

where g, the friction coefficient of different materials and Fy (¥;) the friction traction
which is related to 7, contact pressure, which is itself related to the strain energy stored due to

the hole expansion.

5.2.1.4 Assembly

Next, we create a standard frame base assembly using the previous defined equations, by
substitution of the different components of the total work 8Wy into the equation (5.1), which
can be shown as the following expression
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Figure 5.7: Definition of the area of the frictional contact

(formulated on the basis of human skin structure)

SWr = Z / J . DC[8V]dV + / % . DC[8V]dV +
/o j , ‘ih o

E pzdermis Dermis Hypodermis

Ztaly, Ttaly,

2//JC R5160+2//ch (R+7)8156 — ZZ/taBng—l—

Jj= lab

by,

/[.L\p i, 2TRSI — ZZ/ta Sgdl'—
O Fr(¥) J=tabsr,

/ F1—{Y( / £.8Vdv+ / 1.8Vds)}  Problem(NT) (5.22)
0 =1y

- i

5 Wext

Now, with the problem (N/), the non-linear system equation (5.22), can be formed first by
linearising the equation and then discretising it using a suitable numerical scheme.

Remark S.1: ..o

The complicated expression (5.22) can be reduced to a simpler one, in other words, we
can express the steady-state penetration process in terms of the work done in advancing the

indenter (as a part of the external work 6W,,,) and the work done in creating the crack(s)
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(GcA where A is the new crack area) plus the strain energy stored in the soft solid [S(\V;)],
by using the existing contact algorithm ( ZT:IZa,b Jsrta-68dT), and the friction definition
(Xvijp Jaor t}.’cﬁ (ui3 — ulﬁ )daqy.), but the trouble is, we should be able to define (automatically
during the cutting process) new contact between the indenter and the soft solid after cracks
(due to the creation of new surfaces), which is currently not (supported) defined in the existing
contact algorithms (the algorithm of so-called auto contact mechanic where it will not be
necessary to have a pre-defined contact area (master and slave contact surfaces) can solve
this problem).

However, this can be calculated for an arbitrary geometry using existing techniques, but
we need a cohesive zone fracture implementation. In other words, this problem can be over-
come by using the modified contact algorithm defined in a previous chapter where the contact

definition between the indenter and the soft solid before and after cracks stays the same.

5.2.2 Mechanics of cutting

In this section, by using the constitutional model of the cohesive fracture formulation through
contact mechanics, the mathematical formulation of the mechanisms of cutting will be demon-
strated.

The complicated mechanics of the cutting process, involving many different factors such
as the stress and the deformation distributions/productions throughout the deformable solid,
as shown in Figure (5.8), due to the applied (normal and tangential) forces to the deformable
body by the cutting tool, and which in examination of the total energy balance E;.;,; (globally
conserved for the current system) [Holzapfel (2000b)], based on the global conservation law
Laursen (2003), and under consideration of Griffith’s theory Kundu (2008), can be considered
as a total variational equation, mathematically, split into several parts; namely, the internal
and external mechanical and thermal energies (applied mechanical energy, total strain energy
and applied thermal energy), the friction energy, the contact energy, the fracture energy, the
heat energy, the work done by the sharp tool motions and the kinetic energy, which can be
formulated as the following general framework for the energy consistent treatment of the total

system:

DE; o141 '

D";’a = B {Xvijvalvaq, / Uida - / bi-uidg — / fo-ttidaog) + ) |
Q Q
——

Qs VoQr

J/

Totalstrainenergy Ap pli;glrenergy
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Figure 5.8: Geometrical description of Cutting process
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[ / %p(%)(%”’ Yo, — / Rdo+ / O'Ndyo)} =0, Problem(MOC) (5.23)
wilvaIOQ & Lot 50

- \ 7

-~

Kineticenergy Applied Thermalenergy

[assumption:
- % = 0 [(for more detailed information see appendix C part (5)]
- Contact condition is frictional]
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Where
OQsupply = Z / (2 + 4 )daor +Z(/Rd§z - / Ondyq), (5.24)
vs’maﬂr YQ Q oQ )
FractureSurface—ﬁermodynamicpower AppliedT hermal power

is the heat supply to the system per unit time, 7x(&,n),Ty(&,n),[P(§,n) = Tz(§,n)] with
{ui} =u; — u;f) are the tangential and the normal traction-pressure [as shown in Figure (5.9)],
R is the heat source, Qy = KVT.N is the heat supply flux normal to the boundary 9d€; ,p is
the mass density , G.[Gj. | Gic | Giiic] are the fracture energy per unit area due to the creation
of the new crack surface (mode LILIII), U; the strain energy per unit volume of different
materials, W, = Y;(Jq b-ttida + [yq, 1o-Uidyq,,) the total work done by applied loads, VT
temperature gradient, C heat specific value and x is heat conductivity and T]\",, t} are the contact
traction (¢, contact pressure) and the friction traction.

Note that, due to the assumption that the heat enters the body, we have
On(x,t,N) = —Qn(x,t).N, (5.25)

in other words, inward normal flux (opposite to N outward normal to the dQ).

With the above formulation of the cutting process in terms of the total energy balance E;;;
[Problem (MOC)] in hand, we can now develop the weak formulation [conversion into the
work expression dWr (v;, T;, 6v, 8 T')-constitute minimal] of E;,,,; by using the definition of the
directional derivative [A := Dys,, s, f (1) = % f(u+€[bu, dv]) |e=o the directional derivative in
the direction of the incremental (displacement or velocity) field du, 8v], which is formulated

with the following expression”

U |
Wr(vi, T 887) = ¥ [ 5 Del6rlda - / bi.Svdg — / i Svdze.]
wivOIIQq 4 2 s
Internalwor kaWz‘%ECh Externalv:;rkSWe’;’f"h

Y ([ Toendoa,+ [ Tosrdsa,+ [ [P=TiSerdoar) + ¥ (
YO0 o 90r 90r ¥oQr

D, (J[;Tx(&,n)9dSdn+[J; Ty(§,n)¢d§21rn+ﬂ;[1’(57n):TZ(§ M)]9dEdN)=6Wirac
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Y /lf Sgrdpe.  — Y. /(6]?-5TS+4'31-5Tm)daQr )+ Lvivavaal
V’fﬁag S
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—~ ~

FractureSur faceF rlcttonwork5 Wpyic  FractureSur faceT hermodynamicworkdWr
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Y I / TG[TGic | TG | TGurel[8gn | 8grldaa, — ) / tnendyol+ Y, | pi(575 372 *)dvda,
voQr 5o Vidya vivQ g
F racturev;;rkSmec Contactwotk5Wmnma KineticworkdWyineric
(5.26)
or with the following simple notation
SWr(v,T,8v,8T) = SWmech — SWMeh _ SW, e + SWIET 1 SWi i+
5antact + 5Wfrzc + 6Wheal + BVVZZ;W + 5Wfrac + SWKinetica (527)

where OWgy, 5Wfric, OWeontact 5mec have been described in details in previous chapter
[(for more detailed information see appendix C part (5)].
The term BWI’;’Z“}‘ the internal mechanical work expression, defined in the reference or

current configuration respectively, can also be formulated as
vvzzltah Yvi fQ De[av]dﬁ Yvi fQ 0;: [ TDSVE(XvOFil]dQ =

DE(X,t
Z Sii o l() 2 =Ds,E(X,t)}dg, = Z/ : D5, CE(X,t)]do, =
VlQO
aU,' -T
Y / (P = ﬁ} : Ds,Fdo, =Y / JoF ! :Dg,Fdg,, (5.28)
ViQO ViQ

which deserves a little more attention [(for more detailed information see appendix C
part (5)]. In the case when all the thermodynamic properties of the system are taken into
consideration, the strain energy function U; = U;(F, 0) [generally called Helmholtz free energy
function and denoted by W(F, 8)] will be dependent on two independent variables, namely

deformation gradient F' and temperature 6. Thus, by applying the chain rule, the internal
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mechanical work 5‘/1/[’,’][“}‘ can be expressed as

Wi =Y [r= 20 Davda, + ¥ [(m(x.0) =~y D5, 0da,,  (529)
Vi Vi
Qo Qo

where 1(X,1), is the entropy describing thermoelastic materials, and P is the first Piola-
Kirchhoff stress.

Note that, the free energy W(F, 6(F,n)) can also be expressed as a function of two inde-
pendent variables, namely deformation gradient F' and the entropy 1, which is related to the
internal energy e (F,n), through the Legendre transformation, by the following expression

" (F,n) =Y(F,8(F,n))+6(F,n)n, (5.30)

Where, by using the chain rule again, the time derivative of the equation (5.30) is given by

De™ (F,m) de™(F,m) . de™(Fm)
o S LFomO 40 (Fn)n+6(Fn)n = “oF Pt
D¥(EO(E) Do) ~ —
Dt Dr P
(5.31)

which leads to the new physical expressions for the first Piola-Kirchhoff stress P and the

temperature 6.

Linearisation, Discretization
To process the numerical approximation of the Problem (MOC) [- by using a similar
strategy when solving the Problem (NI)] and in order to develop the discrete equation of
motion (and to be able to discuss later the global solution strategy), first, we compute the
linearisation® of the total work §Wr, in the current description, followed by discretisation.
Detailed linearisation and discretization are contained in Appendix C (part 4), where also
solution methods and stability-accuracy analysis are discussed.

5.2.3 Implementation

To simulate the needle insertion and cutting, by using previously described constitutional mod-
els, the method (and the implementation) of the modified contact, defined in detail in Chapter
4, has been adapted to the computational models describing the penetration processes, where
the independent change between contact with cohesive force and the classical contact makes
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Figure 5.9: Geometrical description of the models

the process of the sharp interaction between the cutting tool and the specimen more accurate
and easier to simulate.

The finite element analysis of the needle insertion and cutting, the represented dynamic
systems, were carried out by using FEBio package (an implicit non-linear finite element
solver) where, beside using the (implemented) existing non-linear constitutive models [com-
pressible, incompressible, nearly incompressible models such as neo- Hookean, Ogden, Mooney-
Rivlin, etc. and supported techniques to process different analysis methods (static, quasi static
and dynamic) which deal also with a wide range of contact boundary conditions and allow
the user to create and analyse complex problem involving complicated mechanical and bio-
mechanical behaviour], was making use of the created algorithms based on the specially for-
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specimen

Figure 5.10: Extra body (metal) part attached to the blade for DIC test and the specimen and
blade dimensions

mulated non-linear constitutive models [the constitutive model of the cohesive fracture formu-
lation through existing contact mechanics, and additionally the constitutive models of friction
and the thermodynamically coupled friction with the associated boundary values that, relevant
to a particular field (complicated interactions between the indenter and the specimen during a
(full) needle insertion and cutting process), which were implemented and added to the (exist-

ing) original FEBIio source code, described in the previous Chapter].

5.2.4 Computational and Experimental Models (numerical and experi-

mental approaches)
5.2.4.1 Experimental cutting approaches on silicone rubber

By making use of a tool with sharp prismatic straight cutting edge (Cutting Blade), a series
of cutting tests were accomplished with the samples of the different silicone rubber materials
(material with different mechanical properties)[with initial width: 10.1 mm, height: 60 mm,
depth: 4.2 mm]. Additionally, by using a digital image correlation and tracking technique we
were able to collect more accurate 2D and/or 3D measurements of the image sequences during
tests which were later used to measure displacement and strain in more accurate ways.

An especially suitable machine which is designed for a wide range of testing situations, the
Zwick Roell universal testing machine described in Chapter 3, was used to develop the tests,
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Figure 5.11: The measurements of Digital image correlation (DIC) for full-field image ana-
lysis of cutting test on silicone rubber

where the blade was attached to the load cell of the machine [and, as shown in Figure (5.10),
an extra metal part was attached to the blade allowing more accurate DIC measurement of
the displacement of the cutting tool], which allowed the cutting tool to perform cutting in the
direction orthogonal to the surface of the specimen where the samples were supported (freely
sliding )by one face to a solid metallic plate (a solid part of the machine).

The machine (arm) was programmed to have constant velocity of 1 — 10mm/min (to cut
at this speed) and maximum load of 9 — 10N, where the resulting forces, for different values
of the velocity and load, have been measured by the machine.

The DIC measurements of the entire process of cutting, proceeded first for the displace-
ment field on the surface of the specimen, captured by two cameras on one tripod, where each
image, as shown in Figure (5.11), represents capturing the subject from different viewpoints

(different angles). The test conditions are given in Table 5.2.

5.2.4.2 Computational model of cutting approaches on silicone rubber

A computational model to simulate the needle insertion and cutting, based on the collected
experimental data (experimental model for cutting test on silicon rubber by using the Zwick
universal testing machine, described in the previous section), and making use of FEBio pack-
age (PreView, PostView, FEBio0), has been created and analysed as follows, where the compu-
tational model for the simulation of the entire process of the needle insertion and cutting, as
shown in Figure (5.10), has been reduced to the simplified model for the sharp interaction.

The steps involved in the construction of a computational model were:

Firstly, the creation of a geometrical model [using PreView-Finite Element (FE) prepro-
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Figure 5.12: a) The Finite Element (FE) Preprossessing model , b) the Finite Element Post-
prossessing model of cutting model

Type of material

| Young modulus | Poisson’s ratio | Interfacial nor./tan.strength

Neo Hookean hyperelastic | E1 =0.777MPa vl =0.48 0.61477MPa
Neo Hookean hyperelastic | E2 = 0.527MPa v2=0.35 0.34235MPa
Neo Hookean hyperelastic | E3 =0.813MPa v3 =043 0.79311MPa
Neo Hookean hyperelastic | E4 = 0.723MPa vd =041 0.59311MPa
Critical strain energy (G.) | Gap tolerance | Disp. tolerance Energy tolerance
277.91N/mm 0 0.001 0.01
Nonlinear solution method Time steps Step size Max retries
Full — Newton 1000 0.0001 25
Analysis type Max step Min step Max refs
Dynamic 0.01 0.0001 4500
Auto timestep-controller Penalty Density Ch. opening length
checked 8190 1 ’I:T% 0.0061477 mm

Table 5.1: Mechanical properties of the silicone rubber (the specimens) and the cohesive
interface and the test conditions (numerical)
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o | Zwick universal testing machine |
Measuring instruments
| DIC system |
DIC Analysis software Istra 4D
Calibration plate size: 105 x 148 mm?
Imaging Speed 500 - 1000 frames/sec
Grip Circular Bollard Grip
Measuring Force, displacements and strains

Table 5.2: Test conditions (experimental)

cessor] which was identical in geometry to the experimental model (by making use of the
geometrical data of the cutting tool (blade) and the specimen (silicone rubber), collected from
experimental tests)[two deformable bodies (width: 10.1 mm, height: 30 mm, depth: 4.2 mm,
element type regular linear hexahedral, the parameters of the mesh nx = 20, ny = 10, nz = 26,
x-ratio=1, y-ratio=1.1, z-ratio=1.0535) and rigid body (cutting tool, width: 10.45 mm, height:
4.2 mm, depth: 1.71 mm, element type hexahedral, the parameters of the mesh slices=5,
loops=10, stacks=10, z-ratio=1 r-ratio=1) and second rigid body (width: 25 mm, height: 80
mm, depth: 1 mm, the parameters of the mesh nx = 10, ny = 10, nz = 10) as shown in Figure
(5.12)].

Secondly, a suitable material model was defined that could be effectively used to simulate
the cutting process, using a neo Hookean hyperelastic model with the material parameters
(based on the previously measured material parameters of the manufactured silicone rubbers)
given in Table 5.1.

Due to the cohesive fracture formulation of the problem which was based on the modi-
fied contact formulation, the parameters for the pre-defined cracked surface, the normal and
the tangential interfacial strengths and characteristic length, as shown in Figure (4.2), were
defined. The model consisted of two identical bodies (two deformable bodies as described
earlier) connected with each other at the contact surfaces (master and slave surfaces), where
the cohesive zone was defined by using the modified contact (the parameters are given in
Table 5.1). Also a sliding contact was defined between second rigid body and the two deform-
able bodies (contact type sliding node-on-facet, penalty=8190, no augmented Lagrangian and
enabled auto penalty). To keep the virtual cutting tool at a constant orientation, during the
simulation rigid constraints were applied [rigid fixed displacement (applying constraint to
x,Y;Rx,Ry,Rz degree of freedoms) and rigid prescribed displacement=-215.162] to the rigid
body (the cutting tool).

Final step, after setting up the boundary conditions was, setting up the analysis which was

Structural Mechanics analysis [and selecting the analysis type dynamic and setting up energy,
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Figure 5.13: a) Experimentally measured force-displacement curves, b) Experimentally meas-
ured displacement-time curves, ¢) Computational vs. Experimental results, d) Numerical
measurement of (reaction) forces vs. displacement for the different friction coefficient val-
ues 4 = 0.1 —0.8, e) DIC measurements, f) Computational displacement-time curve
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displacement and residual tolerances and other parameters such as time step, step size etc.

(given in Table 5.1)] and running FEBio.

5.2.4.3 Results

The test results (analysed in Postview-finite element post processor), as shown in Figure (5.13-
a, b), are the force-displacement and displacement-time curves created by the Zwick Roell
machine, where the cutting tests with the various silicon rubber materials (silicon rubbers
with different material properties) have been proceeded.

Further insight can be gained by looking at Figure (5.13-a), which shows some limitations
of the experimental data, where without using the DIC measurements, the exact determin-
ation of the cutting start point from the data can not be easily done (the limitations can be
also effected by the velocity of the cutting tool during the test). More specifically, as can
be seen in Figure (5.13-a), this limitation is clearly visible for the silicone rubber specimen
with the material property E3 = 0.813 (MPa) and v3 = 0.43. Another detection limit of the
experimental apparatus was the limitation to measure the effect of friction, more precisely, the
determination of the coefficient of friction for the various models. As a direct consequence
of this limitation, can be the limitation of computational approaches (which could correctly
predicts/reproduces experimental results) where the sensibility of the algorithm to the effect
of friction is high. Although this is a fairly minor point for the proposed cutting problem,
nevertheless, consideration of the effect of friction in numerical models could improve the
results.

Figure (5.13-d) shows the numerical measurement of the virtual cutting tool (reaction)
forces vs. displacement, where the frictional contact problem [the friction force due to the
sliding contact between cutting tool and the deformable bodies and due to the friction force
between master and slave surfaces (contact-cohesive zone)] was considered by choosing dif-
ferent values for the friction parameters, namely the friction coefficient and the friction penalty
value g = 0.1 —0.8, &7 = 100. As can be seen in Figure (5.13-d), the presence of the friction
has a appreciable effect on the deformation pattern.

Figure (5.13-e) also shows the DIC measurements obtained in the cutting test of silicon
rubber specimens where the measurement of the displacement of the cutting tool from the start
of the cutting test to the end point of the test was based on displacement of the extra attached
metal part to the blade [see Figure (5.10)].

The variation in (reaction) force in relation to displacement (in z direction-zero reaction
forces and displacement in x and y directions) of the virtual cutting tool, the plotted compu-
tational simulation result and the experimental cutting test (experimental versus numerical),

as shown in Figure (5.13-c), the results obtained for the various models reveals a good agree-
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ment between the results obtained with the proposed finite element algorithm for the cutting
problem in comparisons with the experimental results. Note that Figure (5.13-c) shows sim-
ilar variation of reaction forces with respect to vertical displacement, specially where the first
cutting occurs along the cutting tool (the specimens start cutting) for both numerical and ex-
perimental models.

Summarizing, despite some important local behaviour captured due to the contact cohesive
treatment, these numerical experiments suggest that the computational model of cutting is
able to describe and simulate experimental cutting process where the above-mentioned also
suggest to get more qualitative fit to experimental data (as was mentioned earlier in previous
chapter), beside the optimal choice for (contact, friction etc) parameters, the reduction of the
non smoothness of the contact interactions with the aim of making the numerical approach
more robust (for example smooth surface parametrisation such as bi-Hermitian smoothing
procedure), also improving the result in terms of cohesive fracture formulation, and other

factors such as adaptive mesh refinement need to be considered.

5.3 Conclusion/Discussion

In this chapter, in terms of the cohesive fracture formulation, described and developed in the
previous chapter, the constitutional models of the needle insertion and cutting process were
developed, where the introduced constitutional models in this chapter were able to cover the
definitions of the local deformation before penetration, the fracture process, the friction and
the thermodynamic.

The major purpose of the present chapter was to validate the computational model (com-
putational model using modified contact with experimental validation) where, due to reasons
of convenience, the experimental and the computational models of the needle insertion and
cutting were defined by simplifying the models as a sharp interaction (cutting and interac-
tion) between a deformable body and a cutting tool [described as a tool with sharp prismatic
straight cutting edge (cutting blade)] where silicon rubber type materials as deformable bod-
ies/specimens were chosen for the experimental cutting tests and for the computational cutting
tests a Neo Hookean hyperelastic material type was selected.

The computational model, developed in this chapter, was not limited to the uniform ver-
tical motion of the cutting tool, where the efficient models [e.g. the solution was independent
of the topology of mesh (confirming or non-confirming mesh] could also be used to simu-
late a complex cutting process involving horizontal and vertical motion of the cutting tool
simultaneously during simulation.

This is aside from issues related to the computational model, listed as follows:
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- Dependence of the solution on the normal and tangential interfacial strengths and the
characteristic opening lengths.

- In the case of large deformation, the mesh refinement techniques must be considered.

- The crack path is predefined in the finite element mesh.

- Frictional contact, which causes a lack of convergence (convergence is not occurring
every time).

An interesting issue which has been examined is the sensitivity of the experimental result
to the velocity of the cutting tool during the test which would have a direct effect on the under-
resolving of some local details. In addition to this issue which make the determination of the
cutting start point (measurement of the amount of force needed when the specimens first start
cutting), very difficult task, another issue was the detection limit of the experimental apparatus
with regard to measurement of the effect of friction, more specifically, the determination of
the coefficient of friction for the various models, where consideration of the effect of friction
in numerical models could improve the numerical results and provide more qualitative fit to
experimental data. At this point it’s important to say that although the results obtained from
the application of different values of the friction coefficients to the computational model re-
vealed that setting a best-fit friction coefficient (manually setting for the best empirical match)
can improve the overall results, but it increases computational complexity, which for example
in the case of implementation of an efficient parallel algorithm (improvement of algorithmic
efficiency) could be overcome. However, comparison the proposed finite element algorithm
for the cutting problem with experimental data which was made for all experimental results
obtained for the various models where a good agreement between numerical and experimental
results was to be noted in general, suggest that to achieve more desired results, using the
modified contact algorithm in this way, beside applying three dimensional surface smooth-
ing techniques such as bi-Hermitian patches or Gregory patches to three dimensional finite
element mesh with the goal to reduce the non smoothness of the contact interactions, apply-
ing re-meshing techniques, other factors such as optimum boundary condition, coefficient of

friction, material property etc. need to be considered as well.



Chapter 6
Conclusion

The principal aim of this thesis was to develop important knowledge of the mechanical (bio-
mechanical) properties of human skin, which is a required step, particularly in the develop-
ment of physical models of the skin suitable for cutting and needle insertion. Gaining a broad
knowledge of human skin, in other words, having a deep understanding of the human skin
bio-mechanics made it possible for this thesis developer to better understand and analyse the
cutting process and needle insertion, allowing for an effective, repeatable and informative
engineering solution to the penetration problem.

To be able to develop a mutually beneficial and deep knowledge of the mechanical proper-
ties of human skin, in Chapter 2 the functionality of human skin was discussed. It was followed
by the description of the skin layers in terms of the functions of three primary layers of skin,
namely the epidermis, the dermis and the hypodermis. Then, a detailed summary of the most
recently employed methods within experimental and computational modelling techniques of
the skin (the computational models of the skin that have been clinically and experimentally
validated) was presented.

Chapter 3 aimed to establish methods which were used to develop a physical model of
human skin suitable for cutting test and needle insertion into human skin where the meth-
ods allowed accurate measurement of the mechanical properties of the physical model. The
tensile tests and indentation measurements were applied to the manufactured silicon rubber
in the laboratory by using the Zwick compression-tensile testing machine and Digital Image
Correlation (DIC) technique to characterise the mechanical properties of the sample. The
measurement of the mechanical properties of the samples (such as shear modulus, Young’s
modulus etc.) were performed (for each manufactured silicon rubber in the laboratory) using
an analytical study on the indentation method, curve fitting technique and DIC measurements,
where MATLAB and Microsoft Excel were used for non-linear curve fitting and the good-

ness of fit, which is typically used to measure the similarity between measured values and
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the values of the model in a problem, was examined for input functions (Neo-Hookean ma-
terial model). Then, the results were compared to the experimentally obtained mechanical
properties of human skin in vivo/ ex vivo (from published studies). Based on the results, this
study suggests, adding fibres to silicone rubber could improve the tensile strength of silicone
properties and provide more quantitative and qualitative fit with experimental data. Apply-
ing Digital Image Correlation powerful functions such as strain and displacement mapping to
the test analysis methodology has proven the DIC technique to be an accurate method, which
made it able to produce the desired outcome for most cases involved in this project. Also it
was shown that the full 3D DIC is capable of handling the tensile and indentation tests more
accurately than the conventional methods. However, besides experimental conditions and is-
sues, additional work - such as improvement of the DIC data processing software - can be
investigated to improve the DIC results. Due to the very complex material behaviour of skin,
with its non-homogeneous, anisotropic, non-linear viscoelastic mechanical characteristics, it
was noted that the so generated physical model of skin can be used to simulate its general
mechanical behaviour, and to provide fully accurate results, high level investigations need to
be built. It needs to be said that the variations in the mechanical characteristics of the physical
model of the skin in comparison to the real skin model are not just limited to the physical
model of the skin. It has also been shown by some researchers that even in vivo and ex vivo
measurements of the mechanical properties of the skin vary Groves (2008), Kiss and Brebbia
(2013) (An overview of such in vivo and in vitro experiments revealed that in most of these
experimentally performed tests, the complexity of the mechanical properties of the skin are
reduced and regarded, for example, as a homogeneous non-linear elastic solid where mostly
quite simple constitutive equations are used for highlighting the fundamental principles and
straightforward nature of the mechanical behaviour of skin).

The main focus of Chapter 4 was on the objective ““ implementation of the Modified Con-
tact Mechanics using traditional finite element method (FEM)” where the modification of
the classical contact to provide a specific implementation of a mesh independence method
for straight forward controlling of non-linear fracture mechanical processes using the Mixed
Mode Cohesive-Zone method, and the determination of the constitutive relationship which
consisted of a combination of both contact mechanics formulations and the Strong Cohesive
Law, alongside the thermodynamically coupled friction formulated in one contact structure,
was discussed. Then, it was followed by the implementation (modifying FEBio-package),
computational models, practical and analytical tests, where the proceeded practical and ana-
lytical test methods of classical contact, contact with cohesive forces, the thermodynamically
coupled frictional problem, in support of successful algorithms and implementations and their

constituents, were presented. The convergence analysis of the numerical methods was also
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provided. Using the methods of (the so-called) mortar finite element analysis for contact
mechanics, variational inequality and hemivariational inequality, the development of the con-
vergence analysis of the unilateral contact problem, frictional contact problem and frictional-
Contact-Cohesive problem, were proceeded. It was shown that, with modified contact defini-
tion, the so-called discontinuities can be modelled in different complex geometry and analysed
in a sophisticated way. It has also been proved that the redefinition of contact mechanics in
this way fulfils the condition of the cohesive zone law and additionally supports the physical
ideas and mathematical structures of the classical contact mechanic. Also, this study sug-
gests, making use of the modified contact approach could help to overcome the issue with
cohesive surface location and orientation [due the fact that the placement of cohesive zones
can presenting a problem, specially, when the choice of cohesive surface location and ori-
entation can be an important fact where the solid is appropriately modelled as homogeneous
Needleman (2014), in other words, because the interface elements are aligned with elements
boundaries, so the orientation of cracks is restricted and limited which makes the placement of
cohesive interfaces between all continuum not completely mesh independent van der Zwaag
(2007)].

In Chapter 5, using the constitutional models of the cohesive fracture formulation through
the contact mechanics described and developed in Chapter 4, the constitutional models of the
needle insertion and cutting process were developed, where the introduced constitutional mod-
els in this chapter, the mathematical and physical clarification of the mechanisms of cutting
and needle insertion formulated as a general framework for the energy consistent treatment of
the total system (the total energy balance of a globally conserved system) under consideration
of Griffith’s theory and the internal and external mechanical and thermal energies (the work
done by external and internal forces), were able to cover the definitions of the local deforma-
tion before penetration, the fracture process, the friction and the thermodynamic. For reasons
of convenience, the experimental and the computational models of the needle insertion and
cutting were defined by simplifying the models as a sharp interaction (cutting) between a de-
formable body and a cutting tool [described as a tool with sharp prismatic straight cutting
edge (Cutting Blade)] where the previously manufactured silicon rubber in the laboratory as
deformable bodies/specimens were chosen for the experimental cutting tests (experimental
tests using Zwick compression-tensile testing machine and Digital Image Correlation (DIC)
technique) and for the computational cutting tests Neo Hookean hyperelastic material type
were selected).

The computational model, developed in Chapter 5, was not limited to the uniform vertical
motion of the cutting tool, where the efficient models [e.g. the solution was independent of

the topology of mesh (confirming or non-confirming mesh] could also be used to simulate
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complex cutting process involving horizontal and vertical motion of the cutting tool simultan-
eously during simulation.

Aside from the issues related to computational model (which were, the solution depend-
ence on the normal and tangential interfacial strengths and the characteristic opening lengths,
necessary consideration of the mesh refinement techniques in the case of large deformation
and defining fracture model independent of the existence of any predefined crack in the fi-
nite element mesh) an interesting observation, beside some experimental apparatus limitations
such as accurate measurement of the effect of friction, which was made was the sensitivity of
the experimental result to the velocity of the cutting tool during the test, which would have a
direct effect on the under-resolving of some local details.

Naturally there were several important issues (detected or undetected) related to modified
contact formulation, depending on the different applications which need to be considered. An
especially significant issue relating to modified contact was the sensibility of models to geo-
metrical information (e.g. projection to surface and gap function was extremely dependent
on correct geometrical information) which had a direct result on the unsuccessful termina-
tion of FEBio [the generated geometrical issues were due to some existing software issue in
PreView-Finite Element (FE) preprocessor]. Another case of great significance was the right
selection of the (material, contact, etc.) parameters, which could also open the possibility of
the disadvantageous and divergence from desired results.

Nonetheless, a comparison of the models based on numerical, analytical and experimental
examinations revealed good to very good agreement between numerical, analytical and ex-
perimental results, where the numerical experiments suggest to get more qualitative results,
beside the optimal choice for contact cohesive parameters, the reduction of the non smooth-
ness of the contact interactions (applying smooth surface parametrisation such as bi-Hermitian
smoothing procedure), need to be considered.

Despite the success of this study, further investigations, such as additional validation pro-
cedures of the computational cutting model, fixing existing issues (e.g. solution difficulty
such as "negative Jacobian" , etc.), effective mesh refinement, implementation of an efficient
parallel algorithm and accuracy improvement of finite element solutions, need to be done to
improve algorithmic efficiency.



Chapter 7
Future work

As mentioned earlier in this study, further investigations need to be done to improve the accur-
acy, efficiency and robustness of the algorithms. Accordingly, aside from the generation of a
more accurate physical model of skin, the future work of this project will be to undertake the
following actions using the modified FEBio source code, developed in this study.

It needs to be said that the future work of this study will also be to develop an additional
validation method by using experimental data to validate the numerical cutting model. In
other words, by using full-field optical strain measurements obtained using digital image cor-
relation and full-field strain measurements obtained from the computational cutting model,
and based on the Fourier-Tchebichef decomposition method introduced in the study Sebastian
et al. (2011), further validation procedures of the computational cutting model will be per-

formed.

7.1 Mesh optimization

It is a known fact that dealing with boundary value problems associated with large deform-
ations using traditional finite element methods is often a difficult task. In most cases, par-
ticularly large deformation problems experience mesh distortions, especially in large sliding-
deformation contact problems where it is mostly difficult to obtain a convergent solution.
Consequently, using the finite element code, a wide variety of research techniques are imple-
mented in mesh optimisation-refinement studies, such as combining an updated Lagrangian
method with an efficient adaptive re-meshing algorithm, Arbitrary Lagrangian Eulerian (ALE)
and re-meshing algorithm Mengoni et al. (2016), h-adaptive mesh refinement algorithm Mo-
hammadi and Taiebat (2015), the Coupled Eulerian-Lagrangian (CEL) approach Ducobu et al.
(2016).

Generally, the mesh-optimisation-refinement strategy, while avoiding the mesh distortion
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problem specially in large deformations, requires prior to FE analysis the determination of the
Jiw Jiz Ji3

Jon Jn J3 ..
Jacobian matrix 2l a3 for all mesh elements. The Jacobian value depends
J31 I J33

on the configuration of the element nodes and ranges from -1.0 to 1.0, where 1.0 represents a
perfectly shaped element. If, for a given node, the Jacobian is negative J¢_,, < 0, the element
is invalid and, consequently, an element with the negative Jacobian cannot be solved, meaning

the FE analysis cannot be accomplished.
(at anode) = Tnode which measures the qual-

= - -
maximuMyodecedy 40

ity of the mesh node (indicating good or poor quality) is used to get overall distortion inform-

Furthermore, Jacobian Ratio J¢
ation.

To process the mesh-optimisation-refinement (relaxation procedure), first the variation of
Jacobian % or Jacobian Ratio must be calculated, then the optimisation process must be
carried out by improving the mesh nodes which Jacobian need to be improved, while to avoid
computation complexity, fixing strategy is proceeded only on the repair regions R where all

nodes inside the regions are repaired and the configuration of the outside regions stays un-
1_67/{]

changed. Additionally, the so-called validity energy E,u iz = Y.jcr EZJ\) , using a penalty
function &(/J), is defined and through a maximisation process is used to find a configuration
where all the Jacobian values in the repair regions are positive Bucki et al. (2011).

Depending on the application of various types of meshing elements (tetrahedral, hexahed-
ral etc.) to different classes of finite element problems, different mesh refinement strategies are
proposed by a wide range of studies, such as DelaunayOs tetrahedral reconstruction method
(DelaunayOs refinement method) Li et al. (2013), automatic adaptive mesh refinement based
on modified superconvergent patch recovery (MSPR) Khoei ef al. (2013), mesh refinement
algorithm based on a decentralised approach using tetrahedral meshes Olas and Wyrzykowski
(2012). The finite element mesh regeneration, which could be applied to FEBio to repair
invalid or eventually poor element quality, mostly, could be mesh regeneration algorithms
for hexahedral meshes, because (for example) quadrilateral surface elements associated with
hexahedral elements, particularly defined on sliding interface where the integration points are
located at the nodes, would not imply zero weight at the corner nodes. Also the curvature of
the surface at W, (Y (X)), Kqp = v-Win(¥ (X)) 4, would not be zero (in contrast to triangular
surface elements). One such algorithm which could be used to generate high quality hexa-
hedral meshes, applicable for various types of solid models, is introduced by Sun and Zhao
(2016).
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Figure 7.1: CPU versus GPU performance [the possible performance levels of new generation
NVIDIA GPU (NVIDIA® Tesla® GPU accelerators)]

7.2 Parallel Computing using CUDA

Nowadays, the finite element method (FEM) has become one of the most accurate and ef-
fective methods for finding approximate solutions to (initial) boundary value problems for
partial differential equations (PDE). However, the overall computational complexity of the
algorithms, Which are used to develop FEM, grow with the precision of the results and be-
coming increasingly expensive. One way of solving the computational complexity problem
would be by defining simpler complexity classes which could be used to solve the same prob-
lem. Moreover, an elegant way to control the amount of resources that are needed by the FEM
algorithm to solve a problem, would be using a powerful parallel computing platform for
scientific applications, generally speaking, by making use of graphics processing units (GPU).

It needs to be said that using the parallel computing platform is not just limited by FEM;
for instance, a parallel computing based on the element by element (EBE) method and using
unified device architecture (CUDA') reported by Wu et al. (2015), a formulation of the finite-
difference time-domain (DGF-FDTD) method on a graphics processing unit (GPU) introduced
by Dziubak et al. (2015) and a discrete element method (DEM) implementation with CUDA
demonstrated by Qi et al. (2015).

'The CUDA® parallel computing platform provides a few simple C and C++ extensions that enable the
expression of fine-grained and coarse-grained data and task parallelism (NVIDIA)
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The implementation and optimisation of the non-linear implicit finite element solver (FE-
Bio code) using NVIDIA graphics cards and the CUDA programming environment, while
the situation does not change qualitatively for PDEs, can be proceeded by integrating CUDA
code into the existing FEBio C++ classes, while because CUDA is written as an extension to
the C-Programming Language, we need to put all the CUDA routines into separate (.cu-)files
and access them using so called wrapper-functions [e.g. calling the kernel functions (CUDA
methods) from the C++ host code]. A framework that can be used for easy CUDA integration
in C++ applications is presented by Breitbart (2009).

Very large speed-ups (depending on the generations of GPUs) using CUDA-enabled GPUs
will allow us to develop more complex models involving large deformations that are exposed

to (extreme) boundary conditions.

7.3 Auto contact mechanics

As noted in Remark 5.1, to define an automated procedure for contact configuration during
simulation process, the algorithm of the so-called auto contact mechanic which could be used
to define master and slave contact surfaces automatically, could be applied to the modelling
problem. Consequently, pre-defined contact interfaces would not be necessary.

Such an approach would limit the computational cost and computational complexity by
eliminating (the unnecessary computations for) outside the regions of interest. In particular,
once the algorithm of the nearest neighbour has been proceeded, the search algorithm (al-
gorithm for detecting the regions of interest of a surface) of auto contact can be processed to
determine and set the temporary master and slave surfaces, while the remainder of the contact
algorithm remains unchanged.

Note that the auto contact shall not be exaggerated with the so-called self contact problem,
which is a special case of contact problem related to the nearest neighbour search method and
can be solved numerically if the master and slave surfaces are defined so that surfaces have
coincident.
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Appendix A

Variation of the equation’s parameters

.(Part1).

The directional derivative of virtual gap functions

Virtual Normal gap functionderivative :

The quantity Adg is given by:

I(3("M)) , |, *(80(")

Asg =mPly. S5 Sagy T (89(X) ~ 890 ]au(ry").

I 2 I
Aa(géy )., 0 %2 )2 (ap(x) — Ap(H))]

[v.

A9 (p(y"))

SoPYy ) 9(E90")
op

+ 7P {Ap(X) - Ap(y")}v. 7y

+17{89(X) ~ 89 )}v. +

2 I+
V'%Tﬁ'{wm =80}t {Ap(X) - Ap(Y")} (A.1)

Virtual Tangential gap functionderivative :
The quantity A(8E?) is given by:

[map + 8Kepl A (BEY) = —T6. 807 (Y (X)) pAEP — 10,00 (7 (X)) p8EP -
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2P (Y (X)) gy + 2v- 017 (VX)) op)8EP AEP — 8EP 75 [A 0P (7 (X)) o+

O (Y (X)) ayNEY - AEP 7. (607 (V (X)) 0+ 0P (F (X)) 0y 5EY) — 1. (8917 (7 (X)) ap AEP +

AP V(X)) 45 8EP) + 80D (X) — 502 (7 (X)) [20 (7 (X)) .o+ @7 (F (X)) ay AE]+

80D (X) = A2 (F (X)) [807 (7 (X)) o+ 97 (F (X)) 0y (A2)

Convergence analysis

A.0.1 Unilateral contact problem

The quasi-static (where the inertial effects are negligible) problem of two initially uncon-
strained bodies, defined on two bounded domains 1, €, and subjected to body forces f, the
boundaries dQr =T, 9dQ, =T',,dQs = I's (discontinuity, Dirichlet and Neumann boundary
conditions) and satisfy the following equation (defined for both of the bodies)[relying on ideas
originally presented by Laursen (2003) and Mircea and Andaluzia (2009)]

(dive u)+f=0 inQ
oc(un=t ondQqs
U=i onoQy, (A.3)
where G;j = ¢ kiU, Cijkl — Stif fness tensor

| u, isthe exact solution

called the Unilateral Contact Problem if it is additionally subjected to the following contact
conditions on the contact boundaries
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\%
n'(u n'(u) = —n*(u)o?(u)n?(u) Newton's T hird Law (Ad)
8(u) = go(w) + (' —(y"))n' (W) gap function |
t(u)=tw?)=0 zero friction

where Vv,0,1,t,t, are the unit normal to the master surface at contact point ¥ (X), the
Cauchy stress, outward normal to the contact surface, the Cauchy traction and the contact
pressure.

Keeping the above definitions in mind, we consider the following problem (VF).

The variational formulation of the problem, defined on the vector field of the product space
Yu,w € Wix Wi |, 2, equipped with the broken energy norm,! has the form

(Yw € K,findueKCW'xW?)suchthat a(u,w —u) —L(w—u) >0 (VF), (A.5)

where K is assumed to be a closed and convex subset of the product space W! x W2.
Assuming a(u,w —u) is continuous (3C > 0, Vu,w such that | a(u,w—u) |[<C || u]||| v]|) and
coercive (3C > 0, Vu such that a(u,u) > C || u ||*), thus, there exists a unique solution u € K
for the variation formulation (VF) [see Stampacchia’s Theorem or Mircea and Andaluzia
(2009)].

Note that the equality sign by the variation formulation (V F') when the normal gap function
is less or equal to zero (gy < 0 ) and inequality when the normal gap function is greater than
zero (gy > 0, the enforcement of the classical contact constraints).

Let K" be the discrete convex subset of the product space Wl x W2 and o € K" be the
discrete solution of (VF). The finite element formulation of the equation (4.86) is given by

(vw" e K" findu" € K" W x th) | a(u W' —u"y — LW —u") >0  (A.6)

! Assuming the domain Q is divided into sub-domain Q; such that satisfy the following property
Us_cl(Q,) = cl(Q); Qs NQ = &; withcl(Set) asthe closure o f aset (Set)
a(u,w) =Y3_.q as(u,w),
thus, we can define the broken energy norm expressed as || v ||,:= {a(v, v)}%
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where using again Stampacchia’s Theorem, leads to proving the existence and uniqueness
of the solution u"* € K”.

Next, let ue be the exact solution of (VF) , ugiserere € U™ the discrete one, using the
triangle inequality we have: Yw" € U"

|| Uexact — Udiscrete ||a:|| Mexac't+i”fveUh || V — Uexact ”a —in veUh ” V— Uexact Ha —Udiscrete Hag”
Uexact — N, veUh || V — Uexact ||a||a + || infveUh || V — Uexact ||a —Udiscrete ||a§ inf || Uexact —wh ||a
+ || inf,cpn | v —ttexact ||la —Uaiscrete || a

Where inf, .y || v —texacr ||a= U’ refers to the member of U h which is the closest function

tO Uexaer in terms of the a norm. Then, using Cauchy-Schwartz inequality we get

| a(in velUh || V — Uexact ||a _Mdiscreteywh) |§H ianeUh || V — Uexact ||a -

Udiscrete ||a . ” Wh ||a:>H ianeUh || V — Uexact ||a —Udiscrete ||a:

1 _ . h
Sllpwh#0| Cl(ll’l veUh H v |1/|‘ev)‘c)ahcl||||a Udiscretes W ) |7 (A7)
a

where

a(”exact ’Wh)

A

a(in veUh || V — Uexqact Ha _udiscreteawh) = a( in veUh || V — Uexact Ha ,Wh) -

~
pro jectiono fsolutionintothe functionspace

a(udiscrete7wh> = /QwhfldQ - a(udiscretea Wh) + (ng - ngz)tldrm (AS)

g

=0

h
UQCI.CZ

where a(ugiserere, W) = Jo w" £;dQ is not always true, because of the discontinuities in w”

which need to be considered.

Thus, || texacr — Udiscrete ||« can be expressed now
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o p W —wh)gdre|
UQCI,CZ cl "2

| (wer —wip)o! () (u))dT |

h
UQCI,CZ

|| Uexact — Udiscrete Hag SUP\ph£0 h
: KA ,
'

consistencyerror

+inf || Uexact —wh ||aa (A9)

where inf || ttexacr —W" |4 refers to approximation error.

Prior to the estimation of the errors, first, we need to define the piecewise polynomials
PX(Q¢) of k order which is applied to elements in each sub-domain of regular families of
mesh (for the approximations of u”,w"). Following the definition of the weighting space W’

and solution space U’ we define new weighting W/vll and weighting-solution Y” spaces namely

wm' € PK(QC) | cl(QE)N(IT,) = @
WM" = { win wm € Ly(UT 1 2) | () ] el(@5) N (oT) (A.10)
wm! € PF=1(Q) | cl(Q6) N (dT,) # &

Y= {wh | wh € Ly (Q), Ywm" € WM" / (why —wh)wm"dl, = 0,0rth0g0nality} :
Wle1,c2 AD
where Q¢ refers to an element of the non-mortar surface (the slave surface where the
Lagrange multipliers will be interpolated and consequently the mortar surface, the master
surface), cl(Q¢) the closure of Q¢, dT". boundary of the surface. Note that, by the interpolation,
WM" has the same order as the solution u’* on the interior of the surfaces and one order less

for the elements on the boundaries of these surfaces.
Thus, we have [Seshaiyer and Suri (2000)]

| (Wl —wh)tdl. |=| (W

cl ™ W?Z)(tl - Wmh)drc |<
UF(,'] 2 Urcl 2

inf || —wm" || Wl (A.12)
Ut 2

N

-

ket
<Ch™ "2 lullg ),
z<l<2
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where 4 is the characteristic parameter size of the mesh (all sub-domain) and due to the
fact that all the norms of finite dimensional spaces are equivalent (c1 || w" ||, <|| w" [|lu< c2 ||
wh ||»), an interpolated norm combined with triangle inequality and trace theorem? has been
applied to each sub-domain and then summed over individual approximation errors. Where
also the orthogonality condition furchZ (wé‘1 — w?z)wmhdl“c = 0 has been applied. Note that,
the consistency error converges at the order of k + %

Next, we introduce the projection operator p*! defined on the non-mortar space, given by

VYwmh e WM" Wy e Ly(Te), / (v — pEery)wmdle = 0, yp*e |5r.= 0, (A.13)
cl
where the projection operator p*¢! is an orthogonal projection which is supposed to be
zero at the boundaries of these discretised surfaces.
To evaluate the approximation error of the nodal interpolation, we use the standard estim-

ation of the error of a finite element solution theory Laursen (2003), so we get

N S
Z | texact _WZ [FATRERES ZChk | texact ||y (0,)5 (A.14)
s=1 s=1

where wZ is the nodal interpolate of u,y,r, and C is a constant.

On the other hand we have

U2~V
Ywml' € WMh,/F [(WZ‘C1 _WZICZ) +pk’ci(wz|c1 —wZ‘Q)]wmhch, (A.15)
cl
—0by(3.94)

where wﬁ‘ ,wZ| are the nodal interpolate of u.y,, on the mortar and non-mortar surfaces
Cl 62

and U}, = wZ‘ + pkei (wZ| — wﬁ‘ ) are the values of U* on the non-mortar surface.
1 1 2
Thus,

N

S
| texact —w' [a< Z | texact _WZ ||H1|L2(Qs) + Z | Pk’cl (Q5' — Q) HLQ(QS)
s=1

s=1
N 7
-~

=1
<h?2 H”exact—WQHHl Ly (Qs)

1

M lepegons H(Q) = HT2Q) 7 loa u(x) = ux) ;Vx € QYL Wix) = 1 = 7 [o u(x) =

L)@ = 1loaul, ) oo = Cllulmo
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< CHY || ttexact ||y (A.16)

The combination of the estimation results of the consistency error and the approximation

error leads to

H Uexact — Udiscrete Hag Chk H Uexact HHZ(Q)7 (A.17)

and it shows the order of k convergence (order of the piecewise polynomials) in the asso-

ciated norm (broken norm).

A.0.2 Frictional Contact problem

With some of the methods described in the previous section in hand, and based on the studies
Han et al. (2014), Mircea and Andaluzia (2009), Lebedev et al. (2012), and making use of the
definition of the hemivariational inequality, the general variational framework for the treatment
of mortar frictional problem is formulated in the following global form.

Given two linearly elastic bodies (Q1,£5), subjected to the boundaries dQ.,dQ,,, Qs
(discontinuity, Dirichlet and Neumann boundary conditions) with frictional contact on 0.,
Q an open bounded subset with Lipschitz continuous boundary,® an operatora : Q@ — Q*, Q C
H'(Q,R™),* body force f, € L>(Q;R™), surface traction 7 € L?(9Q,;R™), trace operator ¥ :
Q — L*(dQ;R™) and a functional f : Q — R™,

and additionally the following conditions

( (Dty = ty(u) =t} (W) v(u) = v(u)o, (u)n' (u) ~ t,(u) = (contact normaltraction)
—n'(w)o, (w)n' (u) if v(u) = —n'(u)
(N n' (w)o, (w)n' (u) = —n(u)o; (u)n* (u)
(It = t7(u) = —0,(u)v(u) + (N (u)o) ()N (u))v(u) =  (frictiontraction)
(V) gi(u) = (u' —u?(y1)) + ((u' —u*(y*)).n" (w))n' (u) =

Kty (u)

tr (u) ||< ptn (u)

(tangential gap functionand Coulomb's law)
Kin(u) & > 0; 17 () [|= ptn(u)

and

Wy €dQ,IreR>0and 3 {x R || x—x ||<r}r— Q | wand p=' lipschitz continuous p({x € R4 |||
r=2 < }NQ) = 0" & p({re R ||x -z || < r}naQ) = 0"
4 (Q*, topological dual of Q)
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(V) 1) # 0 =t (u) = puta (1) (£ (slip)
W, (frictioncoef ficient)

(A.18)
(VI) gn(u) = go(u) + (u' —u?(y2))n' (u) (normal gap function)
(VI t, (1) >0 go(u) <05 t,(u)gn(u) =0 (Kuhn— Tuckerconditions),
Vw € Q find an element u € Q such that I
! u_
\/Q (00 =Cle()etn =)+ {plv—1)g3 =01+ oo, Sguiy IO
et ot tn (1)1 (1) (@ (W) = (utn))
4 Saitr  dIQ, > / (w— 1)Fdd Qo + / (w— ) fydQ, (HVF)
2Q, S~~~ Qs Q
tp () T (w) (Wi —ur) ~ g
<fw—u>|o*xq
(A.19)

where Yw,, u, € 0Q.,3C > Osuchthat | @(wy) — @(u,) |< C || Wy —uy || 5, (closest point
projection)

In the case of dealing with the numerical approximation of the problem (HVF) , we
have: Yw" € Q" C Q (Q", finite dimensional subspace-finite element space), find an element
u € Q" (u", approximation of u; h > 0 spatial discretisation parameter) such that satisfies the
Hemivariational Formulation (HV F).

In order to perform the analysis of the fully discrete approximation scheme for solving the
(HVF), first some definitions will be introduced which will be used later [recall the following
definitions from Lebedev et al. (2002), Han et al. (2014), Mircea and Andaluzia (2009).

Recall the classical directional derivative definition and let 2 be a Banach space (complete
[Vx" € Q,3x € Q | limy— || x" — x || o= 0] normed vector space), the directional derivative of
a function F' : Q — R at x € Q in the direction u € € is given by

F(x+éeu)—F(x)

and under the assumption of locally Lipschitz function F' : Q — R at x € Q in the direction
u € Q, the Clarke generalised definition of directional derivative is given by

F(y+eu)—F(y)

VOF (x;u) = lim sup ,
(x5) {e—>0 €

(A.21)

y—X
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where in the case of regularity we have:

IVF (x;u)of a function F : Q — R at x € Q( in the direction Vu € Q) suchthat VF (x;u) =
VOF (x;u)

Following, we recall the general definition of sub-differential. Let the function F' : Q —
R be convex (Vx,y € QVt € [0,1] = Ftx+ (1 —1)y] <tF[x]+ (1 —t)F[y]), lower semi-
continuous (Vx",x € Q,x" — x = F(x) < liminf F(x")) and proper (Vx € Q,F (x) # +o0),
the sub-differential of F at x € Q defined by the mapping dF (x) : Q — 22 [22 the set of all
subsets of Q*] is given by

JF (x) = {z(subgradient) € Q" : VW€ Q, < z,v—x >|a:xo < F(v)—F(x)}, (A.22)

duality pairing

and the Clarke sub-differential of F' : Q — R at x € Q is a subset of Q* defined by

OF(x)={z€ Q" :Vue Q,<z,u>|gxo< V'F(x;u)} (A.23)

Let A: R™ — R, for a given friction coefficient u, and using the Clarke sub-differential, the

friction condition 77 (u) = ,utn(u)% can be expressed as 7 € dA(g,(u)) Han er al. (2014)
where -
04
Vo€ R A(ar) = / Wi (u)dU (A24)
0

Using the property of the non negative contact normal traction (contact pressure) [f, =
A +¢egl; ty : [0,00) — R which also satisfies the following conditions

(
Je >0 1,(82) —ta(g1) < €(g2—81),V82 > 81 >0
Je >0 Vga,81, | tne(g2) — tne(81) 1200 < € | 82— &1 [las the(g) = ta(g)V(8)
t,, continuous

(3C > 0Vg € Rsuchas |t |[=| A +eg [[<[|A [l + [l eg |[<C+C | g]],

(A.25)

we will get:

Voo e R", B € dIA(a) = || B |[<u(C+Cll ) (51) (A.26)
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Next, let K : Q — Q*, M : R™ — R, recall the definitions of strong-monotony, pseudo-

monotony, maximal-monotony and relaxed monotonicity given by [Han ez al. (2014)]

)
C>0|VueK, < Kuu>|gxo>C|lul’ pseudo — monotony
3Cs > 0| Vu,w € K, < Ku—Kw,u—w >|grv0> Cs ||lu—w ||} strong — monotony
Vu e K,< Ku—w,u—w >|gx0>0 = Ku=w maximal — monotony

3C, > 0| Vxy,x2 € R™, y1,y2 € IM(x1 | x2) , (x1 —x2) (01 —¥2) < Gy || X1 —x2 || 3m

| relaxed —monotonicity,
(A.27)

next, we prove the existence and the uniqueness of the solution u” € Q" to the problem
(HVF) as follows:

Since 1, (u) > 0 (due to Kuhn-Tucker conditions), using the definition of the trace oper-
ator 7, the fact | @(yw") — @(yu") |< C || yw" — yu" || 5o, and the general definition of sub-
differential, this implies that d( [5q, M ddQ.) is maximal-monotone.

tn (") (") (@(yud))
Using the Clarke generalised directional derivative definition, the mapping A and again

the definition of the trace operator ¥, the friction integral can be shown as

/ Sqitr dIQe =[50, VOF (s pwh — yu)dIQ (A.28)
Q. e d ¢

tr (1) ©(ue) (W' — )

For w" € Q", let Dw" = aw + 8(/ VF (yu'; yw")doQ,) , next we claim a + b is co-
Q.

C
J/

~
b(wh)
ercive, pseudo-monotone and bounded if the operator a is coercive, pseudo-monotone and

bounded.

According to the statement S1 (equation (4.107)) we have:

vwh,u", 3C,B >0, || 97 ||| (9 [yq, VF (s yw)dQe) |< (C | v [ +B [y [l yw" [[) < (C |
v\ +B || Y|/l v ||| w" ||) which is poof of boundedness of the operator b [Han et al. (2014)].

To prove the pseudo-monotony of the operator b, let first w € Q" — v € Q" weakly in Q",
due to boundedness of b and closeness and boundedness of the trace operator 7, it implies ¢ €
b(w) = B € b(v) and < 9([5q, VF (yu; ywh)dQ.), w >—< 9(Jr0, VF (yu; ywh)dQ.),v >
which is proof of the pseudo-monotony of the operator b.

Due to the known fact that the set of multivalued pseudo-monotone operators is closed

under the addition of mappings, this implies a + b is also pseudo-monotone.
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The coercivity of b simply follows from boundedness of » namely;

W € QN < ([0, VF (s pwh)dQe),w>= — [|w | (€ | v Il +B || ¥ [ ¥l wl) with
constants C, B, thus, a + b is also coercive [Han er al. (2014)].

Using the following theorem,
Theorem 4.1: Let X be a Reflexive Banach Space, A : X — 2X (X* is dual vector space

of X ) a pseudo monotone operator and B : X — 25" a maximal monotone operator, where

suppose Ju € D(B) | A(u')and /or B(u') bounded. Assuming also there exists a function
C:RY 5 R,C(1) = Fooast — oo | V(u,u*) € Gr(A), <u*,u—u >x-x>C(| ullx) ||
u ||x, then A+ B is surjective(R(A 4+ B) = X*).

and applying the definition of sub-differential to d( ;¢ Ogn.In ddQ.), we will
c ~——"

tn (W) (W) (@(ywh))
have > (with w" € Q" asasolution)

aw +9( / VF (yu; yw)do Q) +9( / Sgnty  dIQ.) > f (A.29)
\ 0Q, 0Q, N——
~~ (W) n (W) (@(ywh))

b(wh)

On the other hand, we have (due to the general definition of sub-differential and Clarke
sub-differential)

V€ Q" < 9 / VE(pds ") dQ),w > < VOF (yul'sw) < / VOF (s w)dOQ,

20, Q.
(A.30)
and
weQh < a( / Sonty  dIQ),v—wh >< / Sonty  dIQe—
Q. SN——" 0Q, SNe——
ta(Whn (wh) (@ (ywh)) ta(Whm(wh) (e(yv))
/ Ogn.tN doQ., (A.31)
Q. SN——

(W (wh) (@(ywh))

which together implies that w" € Q" is a solution of the following inequality

Se=aw +Etg=f,— ;568(/ VF (yu"; yw")dQ,), ¢ € (50 Ogntn dQ.)
0Q. ¢ ——
(W (Wh) (@ (ywh))

b(wh)
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<aw' v—w" >0tra +/39 VOF (ywh; v — ywhd o Qo+

/ Ogn-IN doQ.) >< fv—wh >0 , Problem(hv) (A.32)
0Q, SN—— x

tn (W) (W) (@ (1v)— @ (ywh))
To prove the uniqueness of the solution, we assume two solutions (u1,u;) to the prob-

lem(hv).
Setting for w" = uy | up and v = us | uy, we will get

< aui,uy —Uuj >|Q*XQ —l—/aQ V”F(}’ul;’}/uz—’)/m)dagc—f—

/ Ogn.In da.Q.c) >< foup—ug >0t ro (A.33)
0Q, N—— x
tn (1)1 (1) (@ (yuz) —@(yu1))

<aup,uy —up >, o +/ag VOF (yup; yuy — Yup)do Q.+

/ Ogn I doQ.) >< fouy —ua >, (A.34)
0Q. N—— x
tn(u2) N (u2) (@ (yu1 ) — @(yu2))
Adding together the inequalities and using strong-monotony of the operator a and applying
relaxed monotonicity to |. )0, VF (yuy; yupy — yuy)dQ., more specifically [3C, > 0,Va,f €
Q,x€dQ.C,e[0,Cy) | VF(x,a;—at)+VF(x,B;00—B) <C, || a— P Hé], we will have:

~Cyllur —u2 g +Cr [y 1yl un — w2 >0 (A.35)

Applying smallness condition® to the trace operator 7, after substitution, the inequality
(A.35) leads to the proof of the uniqueness of the solution to the problem(hv). Note that, first
we allowed the ty to be not explicitly dependent on the solution, then using Banach fixed point

theorem and applying to the Problem(hv) where assuming first

N:Q—=Q, VN eQ,inn)=uy, (A.36)

then formulating the problem(hv) by letting for u = uy and 1 = ny[with w = u;] and

bassuming Jot, B,C > 0 suchthat o || y || +B || v ||>< C [Han et al. (2014)]
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N = Nz[with w = u], and adding resulting inequalities we will get

| tnv(m) —tv(n2) @< M || m1 — M2 || @, M>0anam<1,

(A.37)

which shows that the operator 7y given by the above equation is a contraction on the space

Q and due to the fact that the Banach fixed point theorem has a unique fixed point n*"4%¢ ¢ Q.
It follows that the problem(hv) has a solution uuiue, where by using the uniqueness of the
fixed point of the operator ¢y concludes the proof of the uniqueness of the solution.

Next, the centre of interest is the analysis of the approximation error of the problem(hv).

Due to the strong-monotony condition of operator a we have

h

Cy |l u—u" << au—au",u—u" >|q v o<< au,u—u" >|q xq

h

— <au—u" >lora<< au,u—u" >lorxo + < au,u — u >0 %0,

where (setting w” = u and v = " in the problem(hv))

<au,u—uh>|g*xgg/a VOF (yu; yu — yu)d o Q.+
Q.

C

h
Lo dum @00 <filusy
tn ()7 () (@ (yd") —(yu))
and (setting w" = 1’ and v = u in problem(hv))
<au u" —u >|q o< /I9 VOF (yu"; yu — yu)d Qo+
Qc
h
Lo Sm @00 <fumits

ta () (u?) (@ (yu)— @ (yul))

so after substitution we will get

Collu—u" |3 [ (VP (v )+ VOF (s — ) ) 4o

C

(A.38)

(A.39)

(A.40)
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h h
—<fu—u">_, —<fu—-u>_ + Ogn.t doQ.,
Jfru—u [o*xo o —u loxxo 20, 98n-IN
[tn ()1 (1)~ () 7 () | (@ (yut) — @ (yui))
(A41)

where, by using some of the above definitions and properties, each term in the right hand
side of the inequality (A.41) can be bounded as follows:

First we have

/agz(. 8-ty doQe) < || |t (") (") — 1 (u) 11 (1) Il
Y (uh)—t, ()1 (u u)—@(yul ~~
[t 1) (1)t (1) (1)} (@ (yu)— () 1 1) 10 12, <Col—

|| (@(yu) — @(y) || <CaCy || Y Il u—u" I3, (A.42)

-

(@ (ve) =@ () 2 500 m) <IN Cllu—1 [l

additionally, using relaxed monotonicity we will get

/a . (VOF (yu"s yu— yu*) + VOF (yu; yu" — W)) doQe < C; || yu—vd" |2, .pm

. 7

(VOF (puspu—yu)+-VOF (=) ) <G =y 5 o, o)

(A.43)
Now, the inequality(A.41) can be expressed in the following form (with constants C,, Cy,,C;)

Collu—u |G CaCy | ¥ 1w = I +Cr | yu— 1" oo omy  (A44)

Using the smallness condition again and after some simple algebra, finally, we will have
the optimal error bound as the following (with new constants A, B, ¢ and diam(e) diameter of

an element e, regular triangle meshes)

| u—u" lo< B \|| Yu — Wh HLZ(QQL-;R'")/ < (AB)h < ch (A.45)

-

V(1) €L (9 (e):R™), =11 2 5, oy SAdiam ()

diam(e)~he



172

A.0.3 Frictional-Contact-Cohesive problem

In this section, based on the definitions and results from the previous section, the conver-
gence analysis of the frictional contact problem with cohesive force will be provided, where
some theorems on the solvability, existence and uniqueness of the associated hemivariational
inequality, to provide the convergence results, will be presented.

The Hemivariational inequality of Frictional-Contact-Cohesive problem is formulated as
follows:

Given two linearly elastic bodies (Q1,€,), subjected to boundaries dQ.,dQ,, Qs (dis-
continuity, Dirichlet and Neumann boundary conditions) with frictional contact on dQ., nor-
mal cohesive traction T € L?>(9Q.;R™) and tangential cohesive traction 7, € L?(dQ.;R™)
on dQ., Q an open bounded subset with Lipschitz continuous boundary, an operator a : Q —
Q*, Q C H'(Q,R™), body force f, € L>(Q;R™), surface traction 7 € L*>(dQ,;R™), trace op-
erator ¥ : Q — L?(dQ.;R™), a functional f : Q — R™, and additionally, to the conditions
(I) — (VII) from previous section [equation (A.18)], the following conditions

Ty =17 (u) = 1;,(u) v (u) = v (u) 0 ()N (1) = Ope () = K (u)gn(u) , v (u) = 0y ()
T =T (u) = 1 ()7 (u) = 7°(u) of (u)nf (1) = Opc(u) = Ki(u)g: (u) , 7°(u) = nf (u),
(A.46)
vw" € Q" find an element u” € Q" such that (Q" C Q)
2. h
[0y = Cletent — i) +{powt — ) Sl = o}a+
Q
<auh,wh:;h>\mxg
Og,.t doQ, ogn.ty, doQ,
Joa. gn-N + Jra. 4 +
tn ()1 (u") (@ (W) — @ (ue})) i () (u) (@(w)) — @ (uh))
/ St Q.+ / Soitr  dOQ,
09, —— 29, —~—
tf (u) T () (y(wi) =y (') tr (uh) T (ul) (W] —uj’)
> /a (W' —uMidoQs + / W' —uhf,dQ  (HVO), (A.47)
Qo Q

~
<fwh—ul>|gi 0

where ty is the contact normal pressure, K, (u), K;(u) are the normal and tangential inter-
facial stiffness and
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7 2
5 _en(X.P(X)) _(M) i .
5= t,’l””"".(w).e(1 e i (normal cohesive traction)
_ /1,08 XY X)) gn(X.Y (X))
tf = 21", Qe(tT)'<l+T)‘ (A.48)
(X T (X)) | g(XT ()
&n 2 . . .
e & (tangential cohesivetraction),

where g,(X,Y (X)),g/(X,Y (X)) are the normal and tangential openings, &, & are the nor-
mal and tangential characteristic opening length and #,***,#"** are the maximum normal open-
ing traction and the maximum tangential opening traction.

Note that, due to the modified contact formulation defined in previous sections, in the case
of the perfect impenetrability, the contact integral is given by

/ Ogn N dQ.=0 (A.49)
0Q, N——"
ta (W) (W) (@ (W) —(ult))

Using the definition of exponential function * = Z?:O% and the fact that

1
VO<x< 1, < ) (A.50)
1—x
the bound of non negative normal cohesive traction and tangential cohesive traction are given
by:

dC, B, ¢ > 0 such that

_ _ o2
0l I<Cllgnlllles Il e 1< C Nl g Ml =gy 1l i=g=g | (1)
_ _ 02
0<l i I<Bllctgnlllg e s [l e 1< Bllc+gnlll & N ==y Il == | @
(A.51)

Assuming the g,,g; are bounded (it is fact that the upper and lower limit of the normal
and tangential openings g,, g;, from the numerical point of view, has been given prior to the
analysis), and the sub-assumption

Ja, B >0 suchthat, 0< ot —g, < 1,0< B—g? <1,

which implies the inequalities (1),(2) [equation (A.51)] are bounded too.
Since t5(u) > 0,2¢(u) > 0 [due to the inequalities(1),(2)], using the definition of the trace

operator ¥, the fact 3C, B, | @(yw") — @(yu") |< C || yw" — yu || 50, | w(yw") — w(yu") |< B ||
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ywh —yul" || 20, and using the general definition of sub-differential, it also implies that,
([0 Ogn.ty doQ.) and d( [5q ogity ddQ,) are maximal-monotone.
C \ y C \ ;

£ (") () (@ (yu)) tf (u") T () (y (yu))
Again, for w" € Q" let DW" = aw" 4 9( /a VF (yu”; yw")d9 Q. )(see previous section).
Q

C
J/

b(w")
From the previous section we know that a + b is coercive, pseudo-monotone and bounded if

the operator a is coercive, pseudo-monotone and bounded. With this in mind, using Theorem

4.1 and after applying the definition of sub-differential to

J( / Sants  dOQL), I / et doQy), (A52)
Q. N——" 0Q, S~
150 () (0 (1) 1 e ()

we will have (with w" € Q" asasolution)

aw + 9 / VE (s yw)da Q)+ / SantS  dIQ)+
Q. 0Q, N——
~ ~ -~ ¢ (wh\p (wh h
me 1 (00) (9 (1)
J( / St dOD) +9( / Sguty  dOQ) S f (A53)
00, ~—— Q. ~——
1 () 200 (W ) 1w 047 (@ ()

We also know Vv € Q" Vw € 89’2(366 previous section)
I:< 8([&96 O0gn.In doQ.),v —wh >< faQC O0gn.In doQ.—

ta(Wh)m (wh) (@(ywh)) ta(Whn(wh) (e(yv))
/ 5gn.lN d&QC
0Q, N——
(W (wh) (@(ywh))
I1:< 9 Sgnt’ doQ.),v—wh >< Sgnt doQ.—
(fagc 8n-ly ), v—w _fagc 8n-IN
s (whm (wh) (@(yw")) rs(whn (wh)(e(yv))
/ Senty  dOQ.
0Q, N——"
s (wh)m (wh) (@(ywh))
I:<9(f50 dgitf doQ.),v—wh >< fra. ogitf doQ.—
C C \ /
1f (W) T(wh) (w(ywh)) £ (wh)T(wh) (w(y))

/ Satt  doQ,
0Q, S~
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IV < 9( /a VE (yu"; ywhdoQ,),w >< /a VOF (yu;w)doQ.., (A.54)
Q,

C

which implies that w" € Q" is a solution of the following inequality

h h 0 h h
< V=W > +/ V°F Yy — daﬂc+/ 0g,.t doQ.)+
aw v—w" > o, (yw"; v —yw™) s, gy )
tn (WM (W) (@(yv)—@(ywh))

/ 6g,tf da.Qc-l-/ (Sgn.lN doQ. > < f,V—Wh >‘Q* o (hve)
Q. M~ Q. N—— X
i (W) T(wh) (y(yv) =y (ywh)) 15 (wWhn (wh) (@(y) —@(ywh))
(A.55)

The proof of the uniqueness of the solution follows the same methods As the previous
section, which are:

Setting for w" = u;y | up and v = u, | u; in inequality (hvc) adding together the resultant
inequalities and using 3C1,Ca, || tf (W) =17 (v) [|< C1 [| w—V |laq,, || t5(W) =15 (v) | Co || w—
v ||aq, strong-monotony, relaxed monotonicity and smallness condition, which will conclude
the proof of uniqueness of the solution.

Next, we provide the results of the analysis of the approximation error of the problem
(HVC).

For an arbitrary function /" € Q" we have

<au—au u—1"+1"—u" > g o=< au—au . u—1">|q:vq + < au—au 1" —u" >| g q=<
au—aul u — 1" >|qivq + < au, " —u" >|qivq — < an,I" —u" >|qivo=< au—au’,u —
" >|arxa+ < au, " —u+u—u" >larxo — < au 1" —u" >|arxo=< au—au" . u—1" >l %0
+ < au,lh —u >+ < au,u—uh >|orxo + < auh,uh — >0 %0

Due to the strong-monotony condition of the operator a we also have (see previous section)
h h,u—lh>|Q*X%—|—<au,lh—u>|g*><%+

(1) @)

\<au,u—uh>|g*xg+< auh,uh—lh>|g*xgj (A.56)

(3) (4)
By Lipschitz Continuity (f : X — Y,Vx;,xp € X,3C; > 0| | f(x2) — f(x1) [ Cp | 2 —

Csllu—u" |a<<au—au,u—u">|q- o< < au—au
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x1 |) of the operator a we have

< au—au’,u—1" >|Q*X%§|| au—au' || g+ u—1" o< Cy || u—u" ||| u—1" o (A.57)

()

By replacing for w” = u and v = 2u — I in (hvc) we get
<au, " —u>|gio = — < auu—1">|q o< Joo, VOF (yu; ((2yu— YN — yu)doQ.+

-

(2)

fagc Ogn.tn doQ,. + faQC ogity doQ.+
1 ()1 () (@ (2yu—yi") — @(yu)) 1 () T () (W (2yu—ylt) —y(yu))
/ Santy d0Q— < fu—1"> . . (A.58)
Q. ——" x

t5 (1)1 () (@ 2yu—yI") = (yu))
setting for w" = u and v = u” in (hvc) we get
<auu—u" >|gvo=— < auu —u >0 < Joo, VOF (yu; yu — yu)d Q.+

-~

3)

e, Ogn.ty doQ:+ [5q. dgitf doQ.+
tn ()1 () (@ (yul) —@(yu)) tf () T (u) (w (yu) =y (yu))
/ Sgu-tn doQe— < fuu" —u>, (A.59)
Q. ~—— x

15 )n (u) (@ (yu") —@(yu))
and setting for w" = " in (HVC) we get
<au . u—1" >l =— <aul' 1" —ul >|g o< faﬂc VOF (yul; y1" — yu")ddQ +

-~

)

0, Sgnty doQ.+ 5. dgitf doQ.+
ta ()N () (@ (") — @ (yul)) 1f ()T () (w(yih) —y(yuh))
/ Sgn.tn doQc.— < f1I"—u" > (A.60)
Q. ~—~— x

i h)n () (@ (v1h)— @ (yu"))
after substitution and some algebra we get:
(with Cn,Cr,Cj,Ck,Cm,C?,CZ,C,’j,C;,Cﬁn,C,’z as constants)
(Friction integral)

Jaa.l VOF (yu; yu — yu) +VOF (yu; (yu—yI") +
VO (usyut = yu) SCrllyu=yu |25 o, ) =VOF (yusyu—yu) <Cllyu—y1"||gm
VOF (" 71" — oy |doQ. <

VOF (yult;ylh—yu) <VOF (yu;yu—yuh )+ VOF (yu;(yu—yih)
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Gl yu— 1" |22 g emy +2Con || 7= 11" 200, 0m) (A61)
and the following inequalities,
(Contact integral)
oo { () [(y") — @(yu) + @(2yu—yI") — @(yu)] +
H—/ S 4

SHZ”(M) HL2(8QC;R’”) SCi(||7“_')’lh||L2(,QQC;Rm)+H'}’”_Wh HLZ((;QC;Rm))

[tn (1)1 (u) — 1 ("Y1 ()] (—@(V1") + (")) }dOQ <

~ 7\

SCmHM_MhHQ SCkH’}/uh_ythLZ(

anZRm)

2C; || tn(u) ”L2(8QC;R”’)H yu—yl* HLZ(aﬂc;Rm) +CnC || u—u" o | " — yl" HLZ(aQC;Rm)a

<Ivll(lu—utllo+u—t"q)

(A.62)
(Mixed mode Fracture integral mode I)

Jao X rm@)  [o(yd") — @(yu) + @2yu—y") — @(yu)] +
—_—

J/
-~

<Ilt5 () HLZ(BQC;RM) SC;I(H7’4*7”1‘|L2(3QC;Rm)+||7”*?’lh||L2(996;Rm>)

7 () () — 15, (") ()] (= (71") + @ (")) }dOQ, <

AN /

TV Vv
<Chllu—u"|| SC/}:H?’"‘h*?'lh||1‘2(age;1gm>

207 || 15.0) | 2,00m) || Yt = 1" 12 2@y +CCi | =1t [l || yid® = 1" || 2 a0, cm),

/

<7l (lu—ut o +u—1"0)

(A.63)
(Mixed mode Fracture integral mode II)

Joa A () [y(yd) —y(yw) + v (2 - ") — ()] +

SHI’L(M) HLz(QQC;Rm) SC;(||Y”*7/lhHLZ(an;Rm)JFHYM*YZhHLZQQC;RWL))

[ () 2 (ae) — 1 (") o ()] (—y (") + w (")) }dOQe <

-~

<Cpllu—ut]q <Cillyu

*YthLZ(aQC;Rm)

2C% (115 () |2 0@ || Vit = V" 1l 129 0mm) +CinCi | =" [l | v = V1" [|1250,.m)
<[IVI([Ju—u" | @+]lu—1"| )
(A.64)

Now, the strong-monotony condition of operator a [inequality (A.56)] can be expressed as
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Cy | u— |3 G | Y= 122 0 my +2Co | 0= Y 2oy +2C5 1 () 2300

’|W*_wh”B@Qdmﬂ+{%CkH”_”hHQﬂth_whHH@QdWQ+2C7”$00|h%%%£@

-

<[l (lu—ul|@+u—1"]a)

| 7= 7 2o +CACE =il | 7 = 71" 29, oy +2C5 1158 2020

<7 (flu—ut | @+|u—1"]| )

h h h h h h
v =71 ll2(a0,0m) +CnCic | u—u" [l | vu" = 11" | 2(a0,0m) +Ci [lu— 1" [l u—1" [l

<71 (flu—ut | @+[|u—1"]|c)

(A.65)
Considering the fact 2 || u —u” ||q|| u — " |o<|| u—u" |5 + || u— 1" |3, thus, the com-
plicated expression (A.65) can be simplified to

hop2 h
Collu—u o= 2| vl u=1"lla (Cj || ta() r200,:0m) +CF Il 1(4) 1200,50m) +

3
Ci 1l 1 () 202, mm) +Co 1LY 1P| =" [ +H(CnCi+ G+ CiGi) [ 7 | (5 M~ u" & +

1 1 1
5 u—1"[3) +G (5 | u—u" g +5 u—1"[3) (A.66)
Due to the inequalities (1),(2) [equation (A.51)] and the boundedness of the g,,g; and

additionally smallness condition, the above relation [expression (A.66)] reduced to

h2 h2 h
[u—u o< Cillu=1"lg +Ca [ Y[ u=1" o=

1
lu—u ||o< Cinfpeon(|| u—1" o+ ]| u— I 15). (A.67)

~" -~

<O(h) <o(n?)

—_
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where C|,C,C represent positive constants. Since I € Q" is an arbitrary function, we
conclude the error bound.

Using additionally the standard finite element interpolation error estimate, finally, we get
the optimal error bound shown as (assuming regular triangle meshes)’

lu—u o< clh+h?) (A.68)

"Using solution regularity conditions (u € H*(Q;R™), yu € H?(dQ.;R™)), one can also show
[ u—u" [lo< c(h)
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The vectors

Modified contact vectors

C()/ C()/ C()/
)t INNT + (1§77 ) (mogNDf +NGg,) + (1§ h)( mgoND, +NGg )+

kc oh® —H ( gn) (£ i

COh{gN[ ! lNlN'f + m12<N1Ng + N_erf) + mZZNZNg] —

DiN{ — D;N} —N;D{ —N,DI + k12(D1D5 +D>D] )}, (B.1)

coh/ a’;\}OII coh! __ a[;\']oh coh! __ atIL\IOh
where 7y = Tow N = 9T INgy T 5, ﬁ and

Go = {~Top — Tpo+ (07 (T (X)) gy ta+ 07 (F(X)) ay-15Dy )6 (B2)

The quantity kCTZhC is given by

coh® 2y [ )
K" = TopDf + DpThg — (97 (F(X)) py-%a) DDy + TgoDf + DpTi,+

~n(NogDh +DgNLg) — NNI — TgmPYT,, — NoNT — TyomP 1T} (B.3)
and the quantity k%OhC is given by
K = (55" ) DN + H (gn) (152 )DNT + (159" ) (mup Da D + DaGh)+
(B.4)

CO /
(fTTh )(mpo DDy +DpGf),
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d d d
where twh/ = 321\/ , tﬁﬁ/ = ath t%‘;ﬁ/ = (;T and Ty,Ng,N,D;, D>, N1, N, vectors have

g
been defined by equations (6.56) and (6.57) and Naﬁ s Tap,Pq are defined as follows

[ 0 ] [ 0 ] [ 0 1
—N; g(Y (X)) T —Nj op(Y(X))v —Ni.o(Y (X)) pr
Ta/i’ - 7N(xﬁ - , Po =
| —N4p(Y(X))Ta | | —Nyop(Y (X)) | | —Nao(Y(X))pr |
(B.5)
and
Tor = Tar — (07 (Y (X)) 12.7) D2
Tz = Tor — (917 (7 (X)) 12.Ta) D1 ®6
P =P — (¢ (Y (X)) 12.p7)Ds
(P =P, — (0P (Y(X)) 12.p7)D
Friction vectors
er [maﬁDaDE + DG (stick)
Corect = 4 — H(g)DNT + Herin 58 _ F DoD? + DGl — B.7
direct lupTagN (g) o +HT7’"1+IH[ o prTaHmBY o 'y+ o ﬁ] ( )
uinppr,DgPy’  (slip),
where
Gy ={-T,q—T @ y(x @ y(x Do B.8
a={-Top—Tpa+ [0, (Y (X)) gy-Ta+ ¢ (Y (X)) ay-T8]Dy} & (B.8)

The quantity k7. is given by
2 —_ — —
¢ =TapDh +DgTls — (9 (V(X)) py-Ta)DpDY + TgoDf + DT+

g(NggDj +DgNLg) — NN, — TgmPVT,, — NoNT — TyomP 1T}, (B.9)
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where Nyg, T, Po are defined as follows

7POC

0 0
—N; g(Y (X)) T —Nj op(Y(X))v
Taﬁ — 7Naﬁ -
| —Nyp(Y(X))Ta | | —Naop(Y(X))v |
and
Tor = Ta1 = (9 (V(X)) 12-%)Ds
Tor = Tar — (0 (V(X)) 12 7) D1
P =P~ (0 (7(X)) 12.p7)D>
P = P> — (/) (F(X)).12.p7)Ds
The temperature vectors
_ 0 . _ 0 _
0 0
1 R1
0 0
0 0
a— _ b= _
—Ni (&) R2N; (&)
0 0
0 0
| _Nmnode(é) ] | szvmnode(é) |

_ 0 -
—N1a(Y(X))pr
| —Naa(Y(X))pr |
(B'10)
(B.11)
0 -
0
TS
0
0
(B.12)
"
0
0
L TnTnode |
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and the vectors

L _Nmnode(g) i

L ]anode(é_) i

(B.13)

Additionally, we need to (re)define the following vectors [defined in the equation (6.56)]

7NOC
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and the following vectors

0 0
0 0
0 0
—N, g(Y (X —-N Y (X
Taﬁ — 1~B( ( ))Ta ,NaB — 1705!3( ( ))V (B.14)
0 0
~Nunode,p (¥ (X)) Ta —Naap(Y (X))
i 0 | i 0
contact stiffness is defined as the following expressions
¢ uetion = Rin(a.c)dDT — RH (g)ey(a.c)aNT + Reyaa® — Rey(d.c)aD! (B.15)
‘ (a1 — &) i
dissipation — R2 ’ Iy H % ‘ dD{ + | AT; |bD{ (B16)
Zeatsinks = H<g)€N(_R3<c'e) + R4>eNT +H(g)€N(_R5(c'f) +R6)fNT
+R3tyeel + R5tyftT + (R5(c.f) — R6)iydDT (B.17)
kcciirect = R;xtraDleT (Slip)7 (B.18)
where D1, D, vectors have been defined by equations (6.57) and kj, ., denotes the lineari-

9(E%)

sation of the term Atr, =5,

with respect to temperature degree of freedom(in the case of slip)
and
(04
Rextra =W

in[K (0 + T) + 14 (Th)], (B.19)

erit
I+ INT
where 1 is a fluidity parameter (associated with viscoplastic shearing effects), 7;, is the

maximum absolute temperature on the two contact surfaces, K(o + Ty,) is a user defined con-
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trol function of the evaluation of the frictional stress under steady state conditions and

1
. erAt Tyi*:‘—

=% B.20
“=m T (20

T, —Tp)>
u(Ty) = mﬁ, (B21)

where Ty, Ty are the damage temperatures on the two contact surfaces and the reference
temperature and Ugthe static coefficient of friction at reference temperature.

Note that, in the case of stick, due to the fact that the frictional stress is not dependent
on interface temperature, therefore, the linearisation of the term At7a$ with respect to
temperature degree of freedom will tend to be zero.



Appendix C

The related equations

part(1)
The displacement equations
r= (24242

we =55 (5%~ CoR ) B

_14v (yz (1-2v)y
Uy = 27E <r3 r(r+z) F,

2 (2-2
u, = %;{bf <f—3+( v)>Fz,

r

and the stresses equations

o= 35 (35 ~(1-2) (G2~ o) .
o = (35— (120 (55 - ) ) ¢
6. — E.F.

ty = o (35 + (1-20) (525 F,

Tyz = %F7

T = 2LF,

Also, since —dU = —Fdd (U the stored potential mechanical energy due to the elastic

deformation), so we will have the following express ion for the potential energy

U = /Fa(S:/gE*&%Riaé: %E*aiké (C.1)

part(2)
The first derivative of stress o7 (8, 6;){ o7 = 0; + 0} with respect to x (opening direction-

see Figure 3.16 ¢)) is given by
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i 1(On, 0 201(8,,6 AU (x d
) (S5 = TR U7 () — U (1)) K (80, 8) e — R

oU? ou! 90,(8,, 6
by (K (5,,0)( 2 OG0y 9008, c2)

Using Hooke’s law again for isotropic materials we will get(g;; = %(% + %))
J i

9 2
el = el (x) = LZ;LX(X) =z (011 — V2(0on + 033)] = EL [67(6ns &) — V2(022 + 033)]
QUL (x
en = efl (x) = 24 = L [—o11 — vi(on+ 053)] = £ [~01(8,.8) — vi(0n2 + O33)]
&1+&13 =& (x) = al{;x( D = 2(1+g22)631 - ang( .
1
&1+ €13 =€/ (x) = aUale(x) = Z(Hgf)cﬂ - ang(X)
part(3)
Mathematical description of Digital Image Correlation (DIC):
du du
up:u—I-E.(rp—rc)—I—g.(sp—sc) (C.3)
adv adv
vp:v+§.(rp—rc)+a—s.(sp—sc) (C4
Ccor(u,v) = ZZGini(riasj)Gdef(ri + Up,S; + Vp) (C.5)
i
crom(y Yi X Gini(ri;5))Gaey(ri+up,sj+vp) (C.6)

ﬁ,z, (7128 ) LA L Glop (ri -ty 4 vp)

where, u,v are the in-plane displacements of the subset (2n X 2n) centre point (r¢,s¢),
Up,vp are the displacements of the subset arbitrary point (rp,s)), Gini, G4y are the grey val-
ues (the intensity) of a pixel with the coordinates (r;,s;)/(r; +u,,s;j+v,) inside the subset
or facet in the reference and the deformed images, Ceor(u,v),Cro™ (u,v) are the correlation
coefficient and the normalised correlation coefficient (with the maximum value at one), where
the computed maximum value for the equation (C.5), based on the reference and the deformed
images, indicates the maximum similarity of the pattern matching.

In order to calculate the in-plane deformation in the x and y directions, we need to solve
the above equations for the variables u and v.
part(4)
Linearisation, Discretization:

To begin, we recall the non-linear equation (5.26) of the total work Wy (in the case of the
directional derivative of E;,; in the direction of the incremental virtual velocity, we will get

the total virtual work 8Wr), and for reasons of convenience and to reduce the use of notations,
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instate the equation (5.26) we process the linearisation of the equation (5.27) as follows:
DAV,AT oWr (Vi7 T;, o, 6T) = DAV,AT{SW/;?;“}Z - 5Wg’;7gl;“h — OWirae + (SW;)ZW"'
5WFst + 6Wcontact + 6Wfric + 6Wheat + 5W/itnf;er + 5Wfrac + SWKinetic} -

d d
——S8Wr(vi+ €AV, T+ WAT;0v,0T) |¢, 0—0= o

6W'mech . 5Wmech_
de,w {

it ext

5VVtrac + 5Wet;1ter + SWFst + 6Wcom‘act + 6Wfric + SWheat + 5‘%536,""

6Wfrac + SWKinetic}(ui + AV, T, + AT 6v, ST) |£,a)207 (C.7

where

DWWyt (vi, 8v) = 2 SWh (v; + €AV) |e—0= Yuivar Jo {Dav(52) : De[8V]+

int

oU:

a—lj : Dpy(DeloV]) }do = Z /{V5v :VAve +Vov: c :VAvldg  (C.B)
Vi|vQ Q elasticitytensor

Dy, SWh (y; §v) =0 (C.9)

Dpy6Wrrac(vi,6v ] 68) = Yvoor JooAPamT Ge[TGie | TGrie | TGrc)[6gn | Sgr]+

TG.|TGyc | TGire | TGrire)Dav[0gn | 8g1]}daa (C.10)
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2,.

ifstatic(%

9%
Y/ p,{DAV )6y + 5 5 Dadvido
vivQ Q)

Dpy6Wirac(vi,0v | 82) = Yvaari oo [PavTi0gn + TeDavdgn]dga+

= 0) — DayOWeineric(vi,6v) =0 ; if dynamic — Dp,0Wyineric(vi, 6v) =

(C.11)

| DaTiSer + TDaSerldog + [ {DsslP=TISer + P = TIDaSer}don ) (€12

dQr dQr

Dpr8Waea (T, 8T) = Lviva Jo CipilDar GE-8T + 9ED a7 8T dg

int

DarSWie (T;,8T) = Yviva Jo Ki{DarVT V8T + VT .Dpr VST Y dg

DapSWiher(1;, 8T) = {/ —Da7[RiST'] dQ+/DM Q:N;8T'dyq}
v;\vmvag a j0

DaroWrg (Vi Ti,0T) = Yvoarysm Jaor{ (Parqe-6T° +q.DaTdT +

Darqr . 0T" +q.' .Dar6T")dyq,

Dpv8Wyric(v§,8v | 88) = Lvaqr|viip Jaor {Pavty-8gr +15.Davdgr }dyq,

(C.13)

(C.14)

(C.15)

(C.16)

(C.17)
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DAVSWCO}’IIGCT(V[C"? 6\/ | Sg) = Z / {DAvlJiVBgN "‘tjivDAvégN}daQra (C18)
VaQrWi,jaQF

where the computation of the derivative of the quantities ty, dgn, ¢, 087, 0T,T Gy | TGyyc |
T G110 have been given in detail in the previous chapter.

Next, we process the discretisation of the weak or the variational form of the Problem
(MOC) [the non-linear equation (5.26)], where it follows the general Galerkin approximation
solution method with member approximation of the solution spaces (finite dimensional solu-
tion spaces V,h,T,h) and the weighting spaces (finite dimensional weighting spaces Wh,Tvlﬁ)
expressed as

vi=0t= Y Ny N, Q= RE V(X)) & (X), X €T} (C.19)
Vnodalpoints(p)

Wh = {Wh: Z NpCp ‘NPQ%Rd,W}%X) :O,Xeru} (CZO)
Vnodalpoints(p)

"={1"= Y NTIT":Q=RT'>0;T"X)~T(X),X €I'r} (C21)
Vnodalpoints(p)

Th={Ti= Y  Nyc)|T}:Q—RT)X)=0XeTr}, (C.22)
Vnodalpoints(p)

where N, is the shape function associated with node P, TI§ is the time dependent temperat-
ure of node point p, d; is a d-dimensional vector containing the time dependent coordinate of
node point p where the velocity field is denoted by v = d.

After substitution of the finite dimensional counterpart of the solutions and variations,
the equations (C.19), (C.20), (C.21) and (C.22) into the work expression 6Wr (v;, T;, v, 8T ),

equation (5.26), we will have
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Y [oCtoax ¥ [ol ¥ Nd) Y Neda-

VilvQ g ViWQth Ynodal points(p) Vnodal points(q)
Kineticvi rtua;:vork OWeinetic DiscretizedK ineti;irrtual workOWicinetic
Lvijvah Y Yy Y Y, S Pibap(Npdh(a))Nycq(B)do =
\Vnodalpoims(p) Vdimension(aZVnodalpoints(q) Vdimension(ﬁz
ZVdegre:o; Freedom ZVdegre:o; Freedom

L )3 Caq { ) / PiSap(Np)Nydg db,} (C.23)

Vi|VQh Vdegreeo f freedom(dq) Vdegreeof freedom(pq) oh

~

elemento fmassmatrix(M)

N -~ 7
Massmatrix(M)

/b 5vdg+/t Svdot~x Y ¥ cdq{/b ng+/t Nydaa,}

VIIVQ\WQG ) Pres VilvQ!|VaQh Vdof(dg) 2k
Externalvirtualwork8W!nech External forcevector[F2¢h(1)]
(C.24)
aU; n
Z P : De[ov]dg ~ Z c":V| Z Nycglda =
VilvQ g . Vi|VQth Vnodal points(q)
InternalvirtualworkSW;nech DiscretizedInternalvirtualworkSW/¢h
y / Woelo= Y [ ¥ y
vl\VQ Vnodalpomts(q) Vi|v9hgh Vnodal points(q) Vdimension(o)
IN, oN,
h _ “Yq h
Z 8[3 CQ(a)Gaﬁ]dQ = Z Z qu/[ Z ]d

Vdimension(3) Vi|vQh Vdegreeo f freedom(dq) oh Vdimension(f3 aﬂ

/

Internal forcevector[Fi’,’l’fCh (d)]

(C.25)

Y ([ Tendoa,+ [ Tderdoa,+ [ [P=T)Sgrdsa) ~
Y90 5o 90r 90r

7

Dy, (J[; Tx(&,m)9dEdn+ ] TY(E,TI)MiEHﬂs[P(é M)=T2(5,1)]9d5dn)=6Wirac
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Y ([Tn+@ame Y o= L Neo)dao

V&QF th Vnodalpoints(p) Vnodal points(p¥)
Discreti;dﬁwtmc
Y Yl [ 0+ G TEL Ny |y don; (€26)

YoQh Vdegreeof freedom(dq) 39?

-~

Forcevector|Firac(d)]

Y / TGc[TGic | TGue | TGricl[0gn | 687]daqr ~
YO0,

S

~
FracturevirtualworkdWp, .

/ TG -V | T )( Z Cp— Z Nlﬁclﬂ[)daﬁr =

Va Qra Qh Vnodal points(p) Vnodalpoints(pT)

TV
DiscretizedFracturevirtualworkd Wrac

Z Z qu / TGC(V | Ta)(l’ —Np$ |Vnadalpomts pT) )daQr
v&g’ll Vdegreeof freedom(dq) 89’11

Fractureforcevector[Frqc(d)]

Y / tnOgndyq,
voQrlvijy0,

. v

~
ContactVworkWeontact

y /z;'v(—v)( Y o= Y Nycyr)dag, =

Vagﬁvw‘agg Vnodal points(p) Vnodalpoints(pT)

N\ J/

TV
DiscretizedContactVworkSW, ontact

Z Z Cdq / fjl\](V)(I, _ijF |vn0dalpmms ) )d8§2r
VBQ?\Vi,j Vdegreeof freedom(dq) So
T

-~

Contact forcevector|Feon(d)]

/ ty.6grdya. =
YoQr|vi.j.Byg

o

TV
FractureSur faceFrictionvirtualworkdWy .

(C.27)

(C.28)
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Y [4BE Y e Y Npep)dao =
Vag’fwivﬁﬁag{z Vnodalpoints(p) Vnodalpoints(pT)

N

Vv
DiscretizedFractureSur faceFrictionvirtualwork8 Wy ;.

Z Z Cdq / t}(ﬁ ). (TB )(1, =N+ \dea,pmm(ﬁ) o (C.29)
VoQL|Vi,j,B Vdegreeof freedom(dq) 20"
T

[\

-~

Friction forcevector|Fyyic(d)]

Z /(qi.STs—l—qT.ST’”)dagr ~
V3Qr|Vs7maQr

-~

FractureSur faceT hermodynamicvirtualworkdWg g

K T m T o
L / (4 Y Npcoptar )3 NpmCpm)door =
V&Q’HVs,ma o Vnodal points(ps) Vnodal points(pm)
T

(.

P
DiscretizedFractureSur faceT hermodynamicvirtualwork8 W

) Y [ @N) @ Non)ldoo, (€30

anilgwsm Vdegreeof freedom(dq) ag?

J/

-~

FractureSur faceT hermodynamic f orcevector|[Frg(d,T)]

Y | / —R;8T'dg + / QiN;8T'dyo} ~
VilvQVIQ ¢ 50

S/

-~

ExternalvirtualworkSW!her

Y (& Y Nehdat [ON Y Npchdoa}=

Vi|vYQh Vo Q! Oh Vnodal points(p) 90h Vnodalpoints(p)

J/
-~

DiscretizedExternalvirtualworkSW!er

) Caq i / —RiN,do + / QiNiNpdo} (C.31)

Vi|VQ"|YaQh Vdegreeof freedom(dq) Oh 9Qh

-~

J/

External forcevector[F1e" (1))
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y /quTi.VSTidgz y /K,-V( Y NIOV( Y Nldo=

VilvQ g Vi\VQth Vnodalpoints(p) Vnodalpoints(p)
Internalvirtualwork5V[/lfn};"’ Discretized]nternalvirtualworkSW[’n’;”
dN,
t q
Y Y efs ¥ ovm). ¥y Sdda @3
Vi|VQh Vdegreeo f freedom(dq) oh Vnodalpoints(p) Vdimension(f3)

-~

Internal forcevector[F!"" (T))

T : 9 (Lnodatpoints(q) NaTy)
Z /Cia_pi(STldQ s Z /Ci noda p;lntS(Q) q~q pz( Z ]\7ch>dQ —
VilvQ g ! Vi \VQ”Q;, ! Vnodalpoints(p)

s

J/
g

~
HeatinternalvirtualworkdWpeq DiscretizedHeatinternalvirtualwork Wi,

C.a(ZVnodulpoims(q) N(Ith) . N T do =
Zw‘vgh th ! ot pl(ZVnodalpoinls(p) pcp) Q=

a(T})
)} )3 cag Y. / Ci(Ng | Ny )pi(Np)da — = (C.33)
Vi|VQh Vdegreeo f freedom(dq) Vn()dalpuints(q)gh

(. J/
-~

HeatCapacitancematrix(C)

Assuming d = (d, T), where the vector d contains nodal value for motion and temperature,
the generic form of the global variation equation (5.26), summarised, takes the form of a non-
linear ordinary differential equation, the discrete equation of motion, expressed as

(which holds Vdegreeof freedom(dq), cq, with appropriated boundary conditions)

Md(1) +Cd(t) + Fy"[d(t)] + Froe [d (1)) + Fpricld (1)) + Fpracld (1)) + Feonld (1)]+

Foracld ()] + Fetd ()] = Fmeh (1) + F!""(t)  DiscreteMomentumBalance(DMB) (C.34)

Note that,

Fricld(t)] + Feon[d(0)] + Fprac|d (t)] + Firac[d(0)] + Frst[d(2)] = Feontaci[d(1)],  (C.35)

which has been formulated in the modified contact mechanic as a generalised contact force
vector Foonaer [d(t)] where, in this case, the term F,,,[d ()] can be eliminated in equation (C.35)
because it is automatically part of the contact formulation.

Solution methods:

The solution strategy or procedure generally is subdivided into two different problem
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classes of finite differencing procedure (in most cases applied to the time interval of interest),
quasi-static and dynamic.

In the case of quasi-static, due to the assumption that the inertial load/term can be disreg-
arded (too unimportant to be worth consideration in comparison to internal forces and applied
loads), the Discrete Momentum Balance (DM B) equation takes a new form, which can be ex-
pressed by using the residual vector concept, as in the following equation (where C is the heat
capacitance matrix)

R(dns1) = E2M (1) + I (1141) — {Calpis + FLM 1] + FLT )+

stt [dn—l—l] +Ffric [dn—f—l] +Fc0n [dn—l—l] +Ffrac[dn+l] +Erac[dn+ll}7 (C36)

v~

Fconzact [dn+ 1 ]

where beginning with an (initial) equilibrium state R(d,,) = 0, calculate

Ad =dyy1 —d, (displacementincrenent) (C.37)

AFpy = Foyt(thy1) — Foxt(ty)  (loadincrenent), (C.38)

and determine d,, ;| such that R(d,+1) = 0.

In contrast to the case of quasi-static analysis, in the case of dynamic analysis we will
have other formulations where, due to the Non-negligible inertial load/term, additionally, the
concepts of accuracy and stability come into question.

The problem can be appropriately formulated as:

Given [d,, | a),dy,vn

find [d1 1 | @ny1],dns1,vni1 such that
dpiq = ad,i 1+ (1 —a)dy, (C.39)

and additionally
I: M[dn+a ‘ aon] + Cdn+a + F}Z;edl [dn+a] + Fther[dn+a]—|—

int

stt [dn+a] + Ffric [dn+oc] + Fcon [dn+oc] + Ffrac [dn—HX] + Emc [dn—HX] = Fe’?zeCh (tn—Hx) +F§)Z€r(fn+a)

7

-~

Fcontact [dIH—Ot]
IT: dyyy=dy +Vn(tn+l - tn) + %[Zﬁan—kl + (1 - Zﬁ)an] (tn-i-l - ln)z
I vy 1 = v+ [Yape 1 + (1= Y)an)(tay1 —ta)

+1
IV . T _ [DZechanicaldissipation+Rdn+1 _DIV(anJrl)] (l' ¢ )
Al [Ty 1= = n
n+1 n+1 +1 4 n+1 +1
V- Tcontact(Tcontact o Tcom‘act) _ To[é‘“f [y he 6+ he6 ]
© ntl n+1 n - Cheamink ’

contact
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where the formulation of the equation V, is based on the combination of the equations
(4.63), (4.64), (4.65) and (4.66), a, 3,y are the stability and the accuracy parameters, 1 is the
portion of the entropy formulated by the gradient of the free energy of the solid?, [d}, | a,], dy, vn
are the acceleration, the solution vector and the velocity at time f, and to calculate & the
relation dgT =¢ HTTH has been taken into account.

Note that the algorithm is divided into two phases given by:

I : With fixed temperature, calculated, .

11 : With fixed d, 1, calculatetemperatureat t, 1.

Stability-accuracy analysis:

Prior to the development of a full thermo-mechanical contact-cohesive formulation (a
functional that describes the dynamic system) and doing a stability-accuracy (analysis) es-
timation of the total system, we briefly survey the theory of some of the common existing
algorithms/methods used in describing the stability and the accuracy of the system and solv-
ing techniques.

Setting different values for o, 3, v (the stability and the accuracy parameters) and substitut-
ing into I — I11, one can obtain different cases for the stability and the accuracy of the method.
Two commonly used values for these parameters are described in the following Laursen (2003)

Trapezoidal rule[o = 1,8 = Alp)/: %]
(unconditionally stable and second order accuracy)

Central dif ferences[o. =1, =0,7y= %]

| (conditionally stable and second order accuracy),

where the algorithms corresponding to the above choices of the parameters can be used
by different solving techniques for the determination of the unknown{commonly Given d), |
anlsdnva Find [dyir | anpr]sdns 1, v b

Two common solving techniques, known as implicit and explicit finite element methods,
in combination with the Trapezoidal and the Central differences algorithms, are widely im-
plemented. In the following, using the equations I — I1/, the fundamental ideas behind the
implicit finite element method (in more detailed description based on FEBio implementation)
will be provided.

Implicit-Trapezoidal method:
Setting [oc =1, = }t, Y= %] and substituting into equations I — I1] we get
I: FFst [dn—l—l] +Ffric[dn+1] +Fcon[dn+1] +Ffrac[dn+1] +Erac[dn+ll+M[an+l] +Cdn+1+

~~
Fconzact [dn+ 1 ]

Fint P ld1] + B [d1 ]+ = Fog ™ (1) + Fog " (tn1)
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4d,
112 dyyy = dy+ V(a1 —tn) + §ans1 +an) (tap1 —10)* <= (1) : apy1 = 5 — (an+

(ln-&-l *[n)z

4d, 4v, )
([n+1_tn)2 (Zn+17tn)

II: vy = vy +[anyg —l—an]w,
where the first equation / can be expressed in a coupled form by using the residual vector

R(dy+1), expressed as the following equation
)
R(dn—o—l)/\FmeCh(tn—i—l) —I—Fther(tn+1) —M[ 4dyi 1 2] +M(an + 4dy, + 4vy )_

ext ext (twg1—1n) (tug1—1n)? (tay1—tn)

{FFsl [dn—i-l] + +Fc0n [dn—i-l] + Ffric [dn—i-l] + Ffrac [dn—H] + Erac [dn+ll+Cdn+l+

~~
Fcantact [drH- 1 ]

Fin 1] + Fit [dns1]} = 0 (C.40)

After taking the derivative of the equation (C.40), the residual vector R(d, ;1) with respect
to d we get

98 = M) = (G KM ) = )+ (K™ (du) = ]+

(thy1—tn)

aFS ric JF ric con aFCO”
(K (i) = 50+ (K () = 50+ K ) = T
[[(contact (dn+1 ): ameact ]partl
rac o aFfmc trac _ aF”"aC
EK (dn1) = — =]+ K™ (dni1) = —7 1} (C41)

-~

[Kcontacr (dn+ 1 ) aFcontact }partll

where K™ech gther gFst gfric gfrac girac gcon geontactare the stiffness matrices respect-
ively.

Finally, substituting the equations (C.40) and (C.41) into the equation (based on the Newton-
Raphson technique)

R+ a—Ad 0, (C.42)
dd

we get an equation that can be solved (by a non-linear solution strategy); for example, by

Newton-Raphson iterative solution method'.

'The Newton-Raphson iterative solution strategy:

(dﬁr]) (Ad = diztirfrl d;ztirl)[ad}d”” =0

with || Ad ||< Tolerance or/and || R(dgfr’]) |< Tolerance or/and small value for energy norm Ad.R(d2",)
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Stability estimate for the dynamic problem:

To prove the stability (the stability of an equilibrium point) of the (autonomous x° =
f(x); f(locallyLipschitz) : L C R" — R") non-linear system [energy functional (Problem(MOC)],
we use Lyapunov’s direct (or indirect) methods known as the first (or second) method (Note
that, in this study we just use Lyapunov’s direct method). To make it possible, and to get the
fundamental idea of the method, first, we need to introduce some definition and theorem as
follows:

Definition(5.1):

The equilibrium point X (or by changing the variable X = x — X, the new equilibrium point
£=0ofx = f(x))is

(I)Stable: if Y& > 0,3€ > 0, suchthat, Nt > ty, || x(t9) ||< € =>|| x(t) ||< O

(II) Asymptoticallystable if Ve > 0,38 > 0, suchthat, || x(ty) | < € = limy— || x(2) ||=0

Theorem 5.1: The equilibrium point X =0 & L C R" of% = x" = f(x) is a stable point if:

For a continuously differentiable function V : L — R (called Lyapunov’s function) we have

V(0) =0andVx e L~ {0}, V(x) >0

dV (x) dV(x)dx _ dV(x)

veel, dt =V = ox dt  Ox fx) =0

Furthermore, it is asymptotically stable if:

Vxe L~ {0},V(x)<0

[The proof of the theorem (1) can be found in any related textbook]
To begin, we introduce a functional V (F, W, 0, T")[E,a1],- It will be proven in the follow-
ing that it is not increasing during the time evaluation of the problem (M OC).
By using the equations (5.23), and
D [ pv2av

—Fext (t) Pint ([) Dt
—— S

DI, (t) = DILjy(t) Dx(t)
=0 C43
Dt + Dt + Dt ’ ( )

7

.

Eint,ext
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and (5.30) 2
D{e™ (Fn) —0(F,m)n} _ D™ _DO(E.m)n _ DY(F,0(F,n)) can
Dt Dt Dt Dt ’ '
—_—
Ton
where
De™ . D x,1)0(x,1)dQ
Dt =P:F +\ (fQ rl( D)l ( ) )j_Dmtaldissipatiom (C45)
T
and (T = 0)
Dmtaldissipation = Diech + Dthermal s (C46)
1
Dtotaldissipation = Dmmldissipation _EQGrad(e) ) (C47)
—_———
20(DL'onductiondissipution )
T77 = Dmtaldissipation +R—-DIVQ, (C.48)

where also in the case of having an alternative formulation for the entropy, namely n =
nelastic 4 prlastic and additionally by applying the divergence theorem, the equation (C.48)
can be re-expressed as [Laursen (2003)]

T(nel.astic + npfastic) = Dmech + Tnpfaslic +Dconduclir)ndissipation + R— DIVQ; (C49)

Dihermai

so we can determine the time derivative of the functional V (F, ¥, gn,gr,n,T") (for the
sake of convenience defined over €, €2, ), by assuming (7" = 7j) on all boundaries outside
the contact zone, R = 0 (zero heat source) and no supplied heat fluxes on the surfaces of the

bodies, in the following simplified form
(\Pcon (gN; gswlastic7 Tc) — pcon (%))

e (F,m), 0(F,n)n,¥(F,0(F,n)) are defined for both, the contact and the thermodynamic regime outside
the contact
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DV(F7 Wé?gNagT7n7Tt) _ Z/{

Dt mtaldlsszpatlon +To n elasttc) }dQ—‘r

V(FalVZugN?gT?rluTt) =

/ (PH) Da | D) D 24 D
8gN Dt 8gT Dt T, Dt

[ J/

< +Tonon}dyq +

Dweon (g "g%laxtw Te)
Dt

Dgr Dgn | Dgr
/t}x-( Dr D) adagy + / TGe[TGre | TGrre | TGl [, = | ) ~Jdaer = /(Qi+6]31)dagr—
Q) dQ dQ
f rictianork fract ;ework thermod y‘n,amicwo rk

/ T, gNdaQF+ / T,~~ da9r+ / [P =T] gTdaQr / TN—daQr, (C.50)

290 IoN IO 9Q
tracti;;lswork contaéwork

where D b D

N 8T gT
A=—/TthdaQr+/TyﬁdaQr+ /[P:Tz]ﬁdagr)ﬂL

2Q, 2Q; 9Q
tractz?)r:swork
Dgy | Dgr
[ TGAT G| TGue | TG [ | £ e, <0, (C51)

9Q;

J

~
fracturework

because the (total) work done by advancing the cutting tool, in the case of the cutting,
should always be equal to or greater than the (total) irreversible work done by the fracture
formulation.

On the other hand, by making use of the equations (4.60), (4.62), (4.63), (4.64), (C.44)
and (C.49) we get

Tc

2

0

FllléanggTan T Z ?{ mech+Dconductiondissipation}dQ-+A_
l:1 J

l

-~

>0
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Dgr
Dt

Ih)

T
dQ

@(T°-T) q(T"-T.)
Ts + m
>0(Dyyo

= contactdissipation)

{

(.

+1%. (2o dag (C.52)

where D contactdissipation» @8 shown by the equation (C.52), refers to the sum of the contact
mechanical dissipation and the contact thermal dissipation (due to the conduction of heat
across the master and slave surfaces), which is supposed to be positive at all times.

Thus,

V(FW/é,gN;gTﬂ?»TI) SO, (C53)

which indicates that, for all possible evaluations of the dynamic system, the functional
V(F,y!,gn,gr,n,T") is non-increasing. In other words, it determines the stability of the full
thermo-mechanical system (thermodynamically coupled frictional contact-cohesive problem)
and provides a suitable stability estimate for the dynamic problem.
part(5)
Mechanics of cutting:

Due to the balance of mechanical energy (conservation of energy during a dynamic pro-

cess) and the balance of thermal energy we have:
DI (t)

—pr= = —Peu(t) = —(fQOB.vdV +f890 T.vdS) external stress power
%”;m = P (t) = [, P ll))—de internal stress power

P (1) = DEB’;(’) - (/RdV + / OndS) Q(t),thermal power; D%#;(t),the rateof internal energy

.

g

(1)

1
Tl (1) 4+ Tope (2) + > /pvde = constant = —DED";’”’ =0

Q
Ny J/
NV

Etotal

(with €, @ as scalars, T temperature field , 8T temperature (incremental) variation)

DE, u;, T; d DE ui+€0u,T;i+wdéT
5WT(vi57}75v75T) :D5u,5T mt%; oli) = de, o ttal (1 Dt : ) |8,(D:0

Note that, in the case of consideration of entropy production (by conduction of heat), and

_ D(fgynlxnav) X
due to the second law of thermodynamics (——"5——= — [o [RT = gE5]dV + [50,[Q" =

%]NdS > 0 - entropy inequality principle) and Clausius-Plank inequality, the local balance

of energy with respect to production of entropy is given by
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(1) D <fQO n(x,1)0(x, t)dv)

DE;y
Pint (t) = " Dr Dt _Dmechanicaldissipation - (/Rdv + / QNdS)
(. ?:’ J/ QO aQO
- o
So, SWI%W = ZVi fQ KiVTl'V5TldQ + ZVi fQ(_DE%ZiZ;nicaldissipation Elg'urrent)(STde

1n(x,¢) entropy per unit reference volume , 6(x,) absolute temperature field, R, Q" en-
tropy sources and Cauchy entropy flux

By using the following relations

dV(x+¢€éb BF 9 /9y (X 1) DF (X t
Dy F(X,1) = ERE oo G = 5 (%53) = 25t
DE(X t 1/0F JdF\ dC oE
DsE(X,1) = ét L = (% F+FT50), 5 =25
T

Deldv] = 3([51" +5%), e = 5(1507 +52) ~ 5[50 5 B = 5([5¢)" + 50) + 315¢)" 5%
De[6v] = Dg,[F TFTeFF~ ' = F TDs (FTeF)F~' = F TDg,E(X,t)F~!
P=FS,c=J'FSFT

and [5o16(x,1,n)ds = [5o0(x,1)nds = [ divo(x,t)dV

Linearisation:
Based on the first order Taylor’s expansion of a smooth non-linear function F = F(v) we

have
Linearization
—N—
F(v,Av) =F(v)+ AF (v, Av) + o(Av)

——— ——
A:=Dp,F(v)= (%F(V_i_gAv) le—o smallerrortendstozero fasterthan/A\v—0



Appendix D

Pseudocode (modified and classical contact algorithms):
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Algorithm D.1 (part 1)

1:
2:
3:

Begin Thread
(initialize counters, rigid bodies, nonlinear constraints, material point data, the stresses)
(initialize contact)

Require: (nr of surface pair interactions) > 0 and (I',,,,I'y master and slave interfaces)

Ensure: ey Ay,ty™, 17}

10:
LY g
12:
13:
14:
15:

16:

17:
18:

19:

20:
21:

22:
23:

24

25:
26:

27:

28:
29:
30:
31:

32:

33:
34:
35:
36:

37:
38:

D AN A

max gcoh ecoh er 11, and nr of steps=Stn, max nr of reformations=Mmn

and newton iterations= N1tn
n+0

m<—0

[0

d< (d,T)

Set Newmark parameters:
o<1

1
B3

while Stn > n do
[Compute force vectors]
foreach slave element nodes do
if delem € ', | projection(elem € I'y,,nod € T') < true then

A"+13§a (n+1) — [Sy(X) — 5Wm(Y(X))]n+1 n+1 {gv}nﬂ.[%%’é;l (Y(X))]

o

x xF(x ) —vintD) {w”“><x>—w,$f“><i<x>>}
9 (X, 7(X)) - ermls V(&P &)

("+1)(X Y (X)) > 0 then

(n+1)

A("H)—i-e g(n+1)

lfu er > 0 then
Tt T7 +ermgpg (E) —EP )
if | 70! || —uert > 0(slip) then

1 1 Tn+1
T BN ey
end if
D(’H‘}ll) <_| T(”'H) (ér?HA;ér?) |
mec *
s(n+1) (n—H) (n+1)
qc( 1)<_ tN( 1)[R(T(§1+1) Toin) + (R3)TG ) — (R4)] +(R1)Dn(mh1)
m(n+ n+ n+
qe ity CR(TY, ) — T ) + (RS)T)L ) — (R6)]+ (R2)D,,,,,
end if
end if
if 81(\31+1)(X7Y(X)) < 0 then ( .
n+1) n+ >
n (x) ( (X))
tx-H)coh - tK’mx (81<v+1)h(X)) e(l—(gNgrELOh ))e*( gT(glwh)z )
(e )
(”+1> (YH—I) 2
n (n+1) (n+1) (SN (X>+(gT . (X))
t(TH)“’h — 2\/2e t’T”“x.(ngfo,fX)).(l +fw%#) e S (g5om)2 )

if u.er >0 then
Case: gV (X, 7(X)) < g0t
TTnaH 17, +8Tmaﬁ(§n+1 én )

if || 77| —,ut](\’;ﬂ)wh > 0(slip) then
> Next page
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Algorithm D.2 (part 2)
. ntl (141 con TT’EJI
39: TTa tN HTnJrl H )
40: elzd llf T
VH' n+ n+1- Sn
41: D, T, (T | )
n+1 n+1) +
1. g coh[R(T(sn+1) T )+ (R3)TE, ) — (R4)] + (R1)D,
+1 A +1
43; gl gy eon R(TG 1) = T) + (RTGy) — (RO)] + (R2) Dl
44 Case: gj(\?ﬂ)(X Y (X)) > geoh
. ntl (1) con T;;]
: Ty
+1 +1 (én gn )
46: D;(;lech | ? (n ) H | (nt1)
n+1 n+1) n+
47: qi( ) —ly Jeoh [R(T'(f1+1) T(I::Jrl)) + (R3)T(iz+1) (R4)] + (Rl)Dmech
+1 (n+1) +1
i g TR ) = T ) (RS)T ) = (R6))+ (R2)D, )
49: end if
%0 end izf( 1) (n+1) h(n+1) +1) | stherm(nt1)
total(n+ con n+ CO n+ rzc n erm(n
51 d {f‘r.zod f nod + f nod + f nod + nod
52:
) ;.I(:rl()l!al AVelernGFs,k:(l,\IntPEelemDW . fwtal(n-‘rl)
3 force ssemble k](nk) k
54: (calculate the internal (stress) forces, the body forces, the inertial forces for dynamic

problems, the forces due to surface loads, the nonlinear constraint forces, the nodal fluxes,
the heat surface fluxes, the heat generation from heat sources)
55: [Compute Stiffness]

56: foreach slave element nodes do
57: if delem € T, | projection(elem € Ty, ,nod € T'y) < true then
n n vV n n n dé ;rrlzﬂ Y
s8: AREISEXD) — [8y(X) — Sy (T (X)) oyt — {gvir ! [22¥a )
5: <N VX, 7 (X))« —v<"+”-{ws(”“)( X) - w,ﬁ,n+1)( rex)
n+1 S (n n n S
60: Ngy V(X T (X)) ¢ Al-v +11{w )~y (7 (x))]
61: Agi V(X7 (X))« Alermy (€D, —&P))
62: if gV (X, 7 (X)) > 0 then
63: ki) < Heaviside(g"*1)) ey Aglt1) §glnt1) —}—tl(\?H)ASg(”“)
64: if .e7 > 0 then
con, fric n (n+1) n (n+1)
65: Ko AT sed Y LT A sEY)
66: if || 70t || —uert < 0(stick) then
6. M<"+1> e AT + AermlyV(ER | —ef))
68: end if
69: if || 70! || —uert > 0(slip) then
. (n+1) n—H T;lo?rl
70: AT «— A{‘U, ||Tn+lH }7
T
71: end if
72: ADIED AT Gied) |
c,gs (n+1) 5 m s n+1
73: K Ay TVIR(TS =T, ) + (RI)TS, ) — (R4 + (RDD)Y
m (n+1) s m m n+1
74: Ko Ay TVIR(TS =T, ) + (RS)TE, ) = (R6)] + (R2)DY )}

75: > Next page
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Algorithm D.3 (part 3)
76: end if
77: end if
78: if g\""V(X,7(X)) £0 then
c0h7n0rm at(n+l)6()/l (n+1) at(l1+l)coh (I’l+1)
79: k(n+l) < WAgN + (9]:’(Tn+l) AgT
h, at(n+l)coh +1 ot (n+1)coh ntl
80: kEZ+i3lng<_ ) Agy )+—T<n+1> gyt
agN 3gT
81: if .e7 > 0 then
82: Case: g\ (X, 7 (X)) < geoh
83: if || 7P || — e < 0 (stick) then
1 n—I—I
s4: AT(”+ e AT” + MermV(EP 0
85: end if
86: if || 72| utl\;lH)COh > 0(slip) then
+
37- AT(n+1 (—A{‘LL (n+1) COhH?ﬁ.lH},
88: end if
+1 +1) (§51-867)
89: ADID o | T Baien) -
ch (n+1)c n+1
90: k(nfhlv <_A{ e [R( (n+1) n+l)>+<R3)T(il+l)_(R4)]+(R1)Dmecill }
o Kot = Ay IR(TS, ) = T30, ) + (RS)TE ) — (RE)|+ (R2)D) )}
92: Case: ggm (X, ( )) ewh
+1 (n+1) (& —é,f‘)
94: AD,S;‘ech> « A | T (n )-—*'A, | -
95: kfzfj <—A{ N [R(T(;H)—T(n+1))+(R3)T(;+1) (R4)]+(R1)DT€C,:)}
ch,gm (n+1) n+
96: ko X <—A{ [R(T(SH])—T(’g+l))+(R5)T('g+l) (R6)|+(R2)D, "'}
97: end if
o 1) (1) g1 | friclusl) | herm(n1)
total(n+ con(n+ ch(n+ ric(n+ therm(n+
99: dknf?d knod + knod knod + knod
100:
101: ?}glo;al AVelemel"s,m:(l,|IntP€elem\) (n )ktatal(nJrl)
: stif fness ssemble m
102: (calculate the internal stiffness, the body force stiffness, the mass matrix for dynamic

problems, the stiffness for surface loads, the nonlinear constraint stiffness, the capacitance
matrix, the conduction stiffness, the convective heat flux stiffness)

103: while not converged do

104: if Mmn < m V Nitn < [ then goto End

105: end if

106: SCOMVErse < true

107: Solve the equations for d! s T! TP

108: I Rglobal[dl a] Fer)rcltah(tn-i-a) + Fe[)?ter(tn-i-a) - [dl—i—a | an—Hx] Cdizﬂx o
Feehldl o] — Fiterldl o] — Pl

109: II: dn+a =dy+Vp(tnsa —ta) + 52Bd o+ (1= 2B)an)(twro — t)?

110: I Vg = v+ [ya o+ (1 - )an](t,H_a tn)

111: > Next page
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Algorithm D.4 (part 4)
(i) g _piv
112: V- Tnl+a _ [ mechamcaldtsszpatto[n+ _dz]1+a (delwa)} (l‘n+a B tn)
[nn+a M) ) ) . . )
113: V: Tncirgactl (Tncirgactl — Teomtact — TO[f”’](fnJra) H‘Hz(\;l o é’g;gi;z’;a) +’1(\7 e
114: L(s) + d,:HR(a’,ll+1 + sAd) [perform a linesearch]
115: if | L(s) |> Tol | L(0) | VL(0)L(1) < O then
116: Iterate fors € (0, 1],suchthat | L(s) |< Tol | L(0) |
117: else
118: s <— 1 [Update(geometry), Update(residual)]
119: endg[iogal i global ( 1l
120: if = ,ifﬁﬁjﬁ?ﬁgm EZZ:TSA") > R ARl > 0 then
121: Seonverse «— false
122: end if
123: if <d,i+1+(§23§:8ﬁ)+md> > d'" xd'! Ad'°! > 0 then
124: Seonverge « false
2 ?ngk|i£d*Rgl"”“l(dl +sAd)| ‘ol ‘ol
126: if |Ad*Rgl”b”"(l;,’:H)| > E"l A E'l > () then
127: Seomverse ¢ false
128: end if
129: if s < LineS%; A LineS'"”" > 0 then
130: Seomverse _ false
131: end if
132: if sx | Ad * R8P (d! | +sAd) [>] Ad«R8“P(d!_ ) | then
133: Seonverge «_ false
134: end if
135: if §¢o7¢'8¢ <— false then
136: do
137: m < m—+ 1 [ReformStiffness()]
138: if Mmn < m then
139: break
140: end if
141: end if
142: else if augmentations < true
143: Augment()
144: if maximumaugmentations < true then
145: break
146: end if
147: [+—1+1
148: end while
149: if converged then
150: update the total displacements, the kinematics (the velocity and the accelerations,

the rigid bodies data), the temperatures, the element stresses, the body loads, the nonlinear
constraints, the contact interfaces

151: n<—n+1

152: end if

153: end while

154: End Thread
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